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Abstract—This study develops a CuZnAl-MO photocatalyst (CuO/ZnO) for the heterogeneous photodegradation of
Ramipril in water. The photocatalyst, prepared by calcining CuZnAl-HT hydrotalcite-type material at 450°C, showed
79% photocatalytic efficiency and excellent stability. Its enhanced performance is due to efficient charge separation in
the S-scheme heterostructure, a large surface area, and improved sunlight harvesting. Scavenger experiments identified
HO® and h* radicals as key contributors to the degradation. The CuZnAl-MO photocatalyst outperforms individual
ZnO and CuO, offering a promising solution for solar-driven photocatalysis.
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I. INTRODUCTION

Algeria has been identified as the fourth largest consumer of medicines in the Middle East. This high
consumption has been linked to the release of micropollutants into sewage systems, representing a significant
concern for the relevant authorities. A study undertaken in 2022 revealed that the emergence of the novel
Coronavirus (SARS-CoV-2) has led to an increase in the presence of organic micropollutants in wastewater
treatment facilities [1]. These micropollutants originate from a variety of everyday products, including medicines,
cosmetics, and insecticides, and they enter aquatic ecosystems, thereby posing significant health and ecological risks.
Of particular concern is the detection of Ramipril, a pharmaceutical agent used to treat hypertension, in elevated
concentrations within water bodies, thereby posing a significant threat to aquatic fauna [2]. While several treatment
methods exist, they all have their limitations. Photocatalysis, a process with great potential, uses oxidizing radicals
to break down contaminants without the need for additional chemicals, thereby enabling the degradation of organic
pollutants in a more efficient and environmentally friendly way [3]. Semiconducting mixed oxides, derived from
hydrotalcite-type materials (HT), have been shown to be particularly effective in this field [4][5]. This research
focuses on the use of HT-derived CuO/Zn0O solid solutions to effectively remove Ramipril, by improving visible
light absorption and interaction with pollutants.

Il. MATERIALS AND METHODS

A. Preparation of Photocatalysts

CuznAl-HT hydrotalcite-type photocatalyst was produced using a co-precipitation technique [6][7], with an
R=M"/M"" molar ratio equal to 2.0 and a Cu*"/Zn** molar ratio equal to 1.0. A mixed salt solution and an alkaline
solution containing Na,COs; were prepared. These two solutions were added dropwise and simultaneously under
vigorous stirring for 3 h at room temperature, while the pH was maintained around 10£0.2 by varying the rate of
addition. This pH value, which was determined after a series of studies with several pH values, provides the highest
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crystallinity. The suspension was stirred for 0.5 hours before being aged at 70°C for 18 h. The product was then
filtered, rinsed with deionized water, and dried at 80°C for 20 h, then ground to a homogeneous powder.

CuznAl-MO mixed oxides photocatalyst was synthesized by calcining CuZnAIl-HT material at 723 K in a muffle
furnace. The heating rate observed was 1°C min™. Following the achievement of the target temperature, the heating
process was prolonged for an additional 6 h.

B. Characterization of Photocatalysts

The prepared photocatalysts were characterized using various analytical techniques. X-ray diffraction (XRD)
investigations were conducted utilizing a BENCHTOP powder diffractometer (para, theta - Bragg-Brentano
configuration with two focusing theta angles). Fourier transform infrared (FTIR) spectra were obtained to detect
chemical bonds and functional groups in the catalysts, making structural analysis more practical. Using a Perkin-
Elmer FT1730 spectrometer in the 4000-400 cm™ range with a resolution of 2 cm™. thermogravimetric analysis
(TGA) was performed using a TGA 51 (Shimadzu) in the presence of 30 sccm of flowing Ar. Inductively
coupled plasma optical emission spectrometry (ICP-OES) was conducted using Spectro Arcos 160 CCD
spectrometer. UV-Vis diffuse reflectance (DRS) were recorded on a Shimadzu UV-2550 spectrophotometer.
Electrochemical properties of materials were analyzed by cyclic voltammetry (CV), and electrochemical impedance
spectrum (EIS) on an electrochemical workstation (Gamry 1010E) using three-electrode configuration with a
platinum electrode as the counter, a saturated calomel electrode (SCE) as the reference electrode, and the platinum
working electrode. Textural properties were determined using nitrogen sorption tests. The surface area was
determined using the BET technique from the N2 adsorption isotherm, and the pore size was calculated using the
BJH method using the QuandraSorb SI Models 4.0 with the QuandraWin Software (quantachrome Instruments v.
5.0+ newer) instrument at 77 K. Field emission scanning electron microscopy with energy dispersive X-ray
spectroscopy (FESEM-EDS) was used to provide morphological and compositional information on materials using
Scios 2 from FEI® (Waltham, Massachusetts, USA) with various integrated detectors. Zero-charge point (pHpzc)
was determined using the room temperature salt addition method as shown by [8].

C. Heterogeneous Photocatalysis Procedure
1) Adsorption Tests

The adsorption tests were conducted to study the adsorption isotherm of Ramipril on the surface of prepared
photocatalysts. An amount of photocatalyst was added to 50 mL flasks, while simultaneously mixing 30 mL of
Ramipril solution. The initial concentrations of the solution ranged from 0 to 200 mg L™. The pH of the solutions
was not initially modified. The vials were placed in a water bath that was thermostated at a temperature of 25°C.
After 3 h of adsorption, the suspended solutions were subjected to centrifugation. The HPLC chromatograph was
used to measure the amounts of Ramipril. The quantity of Ramipril adsorbed at equilibrium Q. (mg g*) was
determined using Eq. (01):

_ (Co—Ce)xV

m

Qe (01)
where, Co and C. (mg L™) are the concentrations of Ramipril in solution before and after adsorption, respectively, V
(mL) is the volume of the suspension and m (mg) is the amount of photocatalyst added.

Langmuir and Freundlich models (Egs. 02 and 03) [9] [10] were applied to model adsorption isotherms.

Qmaxki C
Q. = dumiuCe 02
Qe = k€2 (03)

where, C. (mg L™) is the concentration of Ramipril at equilibrium, Q. and Qmax (Mg g™) are the quantity of Ramipril
adsorbed at equilibrium and maximum adsorbed, respectively, k. is the equilibrium constant, ke and n are the
adsorption constants indicating adsorption capacity and adsorption intensity, respectively.
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2) Heterogeneous Photocatalysis Tests

For comparison purposes, heterogeneous photocatalysis of Ramipril using CuzZnAl-HT and CuZnAl-MO
materials was carried out under sunlight irradiation. In these tests, the vials containing the Ramipril solution were
placed outdoors, allowing direct exposure to sunlight with a UV irradiance of 293 W m recorded using a digital
luxmeter (AS803, Chanfong, CN).

Prior to light exposure, the Ramipril solution (50 m L") was stirred in the dark for 30 min to ensure adsorption
equilibrium with the photocatalyst, which was used at a amount of 1.0 g L™'. The photocatalytic reaction was then
initiated by irradiating the system under continuous magnetic stirring for a duration of 3 h.

This study investigated the influence of several operational parameters on the heterogeneous photocatalytic
degradation of Ramipril, including the contact time, the amount of photocatalyst, the initial Ramipril concentration,
and the initial pH of the solution. Each parameter was varied independently, while all others were held constant, to
evaluate its specific effect on the degradation process.

At predetermined time intervals during the reaction, samples were collected and centrifuged to separate the solid
catalyst. The resulting supernatant was subjected to high-performance liquid chromatography (HPLC) analysis. All
experiments were performed in duplicate to ensure reproducibility.

Additionally, radical scavenging tests were conducted to identify the reactive species responsible for Ramipril
degradation. Specific scavengers were employed to quench hydroxyl radicals (‘OH), superoxide radicals (O."),
photogenerated holes (h*), and electrons (¢), thereby elucidating the dominant species involved in the degradation
mechanism.

3) Samples analysis

The solution aliquots were examined using High Performance Liquid Chromatography (HPLC), and Total
Organic Carbon (TOC), yielding both qualitative and quantitative outcomes. An Agilent 1220 Infinity LC gradient
equipment with a UV detector was used to perform high performance liquid chromatography (HPLC). The analytes
were separated at ambient temperature using a Mediterranea type C18 column with dimensions of 5 um, 4.6 mm,
and 150 mm, manufactured by Teknokrom in the United States. The wavelength was configured to a value of 210
nm. The mobile phase comprised two solutions: solution A (0.1% phosphoric acid) and solution B (Acetonitrile).
The photocatalysis efficiency of Ramipril was determined using equation (04).
Co—Cs

Photodegradation efficiency (%) = —— x 100 (04)
Q

where, Co and Cy are the initial and the final concentrations of Ramipril (mg L™).

The degree of mineralization during the tests was determined using a Shimadzu TOC-L analyzer to measure the
total organic carbon (TOC). Equation (05) was utilized to ascertain the percentage of Total Organic Carbon (TOC)
that was eliminated:

) = TOC,—TOCs

TOC removal (% Tocs

x 100 (05)

where, TOC, and TOC; are the initial and the final total organic carbon (mg L™).

[1l. RESULTS AND DISCUSSIONS

A. Characterization of Photocatalysts

Figure 1 shows the XRD patterns of CuZnAl-HT and CuZnAl-MO photocatalysts. As shown in CuZnAl-HT
XRD patterns, the diffraction peaks at °©26=11.8°, 23.6°, 35.1°, 39. 6°, 47.0°, 53.2°, 60.9° and 62.2° can be attributed
to reflections (00 3), (006),(012),(015),(018),(1010),(110)and (113)of indexed hydrotalcite (PDF No.
00-054-1030), characteristic of a layered structure [11]. In addition, reflections at °26=34.4°, 37.0°, 56.5° and 62.8°
can be indexed to Zn(OH), (PDF No. 00-048-1066). In other words, Zn(OH), and HT coexist and no diffraction
peaks corresponding to copper compounds in the CuZnAl-HT photocatalyst are observed, suggesting that Cu** ions
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are well dispersed in the ZnAl-HT lattice. The same result was found by Zhang et al. [4] when synthesizing the
ZnAl-LDH and ZnNiAl-LDH phases.

Counts
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Fig. 1 XRD patterns of prepared photocatalysts.
Crystalline phases: H: Hydrotalcite (00-054-1030), m : Zn(OH), (00-048-1066), ¥ : ZnO (01-089-0510), e : CuO (00-045-0937)

XRD diagram of CuzZnAIl-MO photocatalyst calcined at 450°C shows that reflections corresponding to HT
material disappear completely and new reflections appear after calcination. Reflections at °26=31.7°, 34.4°, 36.2°,
48.0°, 56.9°, and 63.1° can be indexed to the hexagonal Waurtzite structure of ZnO (PDF No. 01-089-0510), while
those at °26=35.2°, 38.7°, 48.7° and 61.6° can be indexed to the Monoclinic Tenorite CuO structure (PDF No. 00-
045-0937). These results can be attributed to the homogeneous distribution of metal ions within HT-type material,
which facilitates the formation of well-dispersed, crystalline mixed metal oxides by a topotactic process during
calcinations. No signal corresponding to the Al.Os phase is detected, implying that Al,O3 is amorphous. Indeed, the
collapse of the CuzZnAl-HT layered structure during calcination generates 55% CuO and 45% ZnO, calculated using
the Rietveld method (% by weight) [12], indicating the high purity of the CuO/Zn0O hybrid.

Figure 2 presents the FTIR spectra of the CuZnAl-HT and CuzZnAI-MO photocatalysts. The broad absorption
band observed around 3400 cm™ is attributed to the O—H stretching vibrations, which arise from hydroxyl groups
within the metal hydroxide layers as well as interlayer water molecules [13]. A weak band appearing near 1620
cm™! corresponds to the bending vibrations of water molecules [14]. A distinct peak at approximately 1355 cm™ is
associated with the asymmetric stretching vibrations of C—O bonds in carbonate ions located in the interlayer region
of the CuZnAlI-HT structure [15]. Additionally, the band detected at 1079 cm™ is linked to the bending vibration of
carbonate ions. Although this mode is IR inactive in free carbonate ions, it becomes active due to the reduced
symmetry of carbonate anions confined in the interlayer space [16]. Absorption bands below 1000 cm™ correspond
to various vibrational modes of carbonate species and the stretching vibrations of metal-oxygen (M—0O) and metal—
oxygen—metal (M—O—M) bonds within the brucite-like layers of the material [17]. Peaks around 800 cm™ and 550
cm™' are attributed to the vibrational modes of the AlOs octahedral coordination and AlI-OH bonds, respectively.
The Zn—-OH stretching vibration is observed at 617 cm™', while the band at 430 cm™ is characteristic of M—O
stretching vibrations [15] [18].
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Fig. 2 FTIR spectra of prepared photocatalysts.

The absorption bands around 3400 and 1620 cm™ are significantly reduced in the CuZnAl-MO photocatalyst,
indicating the removal of water molecules and confirming the dehydration of the CuzZnAl-HT structure following
calcination at 450 °C. The bands observed at 2930 cm™ and 2850 cm™ in the CuZnAl-MO photocatalyst are
attributed to the stretching vibrations of free and hydrogen-bonded —OH groups, as well as water molecules. These
bands also correspond to COs—H-O bridging modes formed between adsorbed water and atmospheric CO: on the
surface of the calcined material [19]. Additionally, a peak observed at 2350 cm™ in the CuZnAl-MO spectrum is
assigned to the asymmetric stretching vibration of CO:, which may originate from atmospheric adsorption or
residual CO: trapped within the grains of the calcined material. Calcination of CuZnAl-HT at elevated temperatures,
such as 450 °C, induces notable changes in the carbonate region. The carbonate band splits into two distinct peaks at
approximately 1560 and 1400 cm™, suggesting a modification in carbonate ion coordination due to the loss of
interlayer water molecules [20]. In the higher-frequency region, bands at 1100 and 790 cm™ are attributed to the
deformation and translational vibrational modes of hydroxyl groups, influenced by the presence of AI** ions [21].
Furthermore, the peaks at 520 cm™ and 490 cm™ correspond to the formation of Zn—O and Cu-O bonds,
respectively, confirming the structural incorporation of these metal oxides following calcination [22].

Thermogravimetric analysis is very useful for tracking the decomposition of prepared CuZnAl-HT photocatalyst,
or how the mass of a material varies with temperature. By examining the thermograms in Figure 3, the multi-step
mass loss of type 4 according to the shape-based classification of TGA curve was observed [23].

The first loss occurs between room temperature and 250°C and is attributed to the loss of physisorbed water at
the material surface, the second loss occurs between 250 and 350°C and is attributed to the first dehydroxylation
step (departure of structural hydroxyl groups, hence the formation of H,O, the decarbonation (departure of carbonate
anions from the inter-lamellar space, hence the formation of CO,); to give rise to decomposition of the lamellar
structures and formation of the derived mixed oxides, above 600°C, HT material undergoes a series of total
decarbonation reactions to produce the metal oxides, resulting in the destruction of the lamellar phase. The ZnCuAl-

LDH photocatalyst underwent a 13% weight loss when subjected to temperatures ranging from room temperature to
250°C.
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Fig. 3 TGA curve of CuZnAl-HT prepared photocatalyst.

The physicochemical properties of the CuZnAl-HT photocatalyst, including the elemental composition,
empirical formula, and actual molar ratios of M/ Al** and Cu**/Ni?*, were determined based on ICP-OES analysis.
The results indicate that the experimental M(I1)/M(I11) molar ratio is very close to the theoretical value of 2.0,
confirming the successful synthesis of the HT structure. Furthermore, the CuZnAl-HT photocatalyst was found to
have the following empirical formula:

CUo.210 ZNo.241Al0.236(OH)2(CO3)0.118.0.325H,0

As shown in Figure 4, UV-Vis analysis was performed to verify the optical properties of the prepared
photocatalysts using a wavelength range of 200 nm to 900 nm. The absorption spectra of the CuZnAIl-HT showed
that they responded to sunlight due to the presence of absorption bands in the visible region at about 780 nm.
However, calcination of the CuzZnAl-HT photocatalyst resulted in a ZnO/CuO nanocomposite with increased
absorption in the visible range and absorption of UV light in the 200400 nm range. This material combines the
optical properties of the two oxides CuO and ZnO. Thus, UV-Vis activation of the CuO/ZnO n-p heterojunction in
sunlight will help increase its photocatalytic efficiency. In addition, the light absorption of CuZnAl-MO
photocatalyst is higher than that of CuzZnAl-HT throughout the visible region of the spectrum. The optical bandgap
energy was explored using the Tauc diagram expression (Figure 5), which is revealed in Eg. (06) [24].

(Ahv)" = k(hv — E;) (06)
where A is the absorption coefficient, /v is the photon energy, k is a specific constant, and Eq is the bandgap energy.

n is given by the nature of transition: for a direct gap, n = 2, and for an indirect gap, n = 0.5 [25]. In this study, n = 2
is due to the presence of a direct transition.
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Fig. 4 UV-Vis absorbance from diffuse reflectance measurements of prepared photocatalysts.

The Eq4 values are 4.19 eV, and 1.86 - 2.98 eV for CuZnAl-HT and CuZnAl-MO, respectively. For the CuzZnAl-
MO photocatalyst, Figure 5-(b) shows two Eg4 at 1.86 eV for CuO oxide and at 2.98 eV for ZnO oxide. The CuzZnAl-
MO photocatalyst, which is composed of CuO and ZnO, absorbs irradiations in the visible range and should
therefore exhibit better photocatalytic activity than CuO and ZnO under visible light.
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Fig. 5 Tauc plots of prepared photocatalysts: (a) CuZnAl-HT and (b) CuZnAI-MO.

The electrochemical performance of CuzZnAl-HT and CuZnAIl-MO electrodes was evaluated using cyclic
voltammetry (Figure 6). The CuZnAl-HT electrode demonstrated a larger CV area, indicating a higher electron
transfer rate. This enhancement is attributed to its higher surface area, layered structure, and better ionic
conductivity, which together facilitate faster and more reversible redox reactions compared to the more rigid
CuznAl-MO material [26].
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Electrochemical impedance spectroscopy (EIS) analysis, as shown in Figure 7, reveals that the CuzZnAI-MO
photocatalyst exhibits a smaller semicircle in the Nyquist plot, indicating lower charge transfer resistance and
enhanced electron mobility [27]. This improved charge transport suggests better separation and mobility of
photogenerated charge carriers, contributing to its superior photocatalytic performance [28]. Additionally, the
steeper slope observed in the low-frequency region reflects more efficient ion diffusion. The two-phase impedance
response also confirms the presence of distinct interfacial charge transfer processes within the material, further
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Fig. 6 CV curves of prepared photocatalysts.
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Figure 8 show the N adsorption-desorption isotherm of prepared photocatalysts. The H3-type hysteresis loops
are located in the region P/Py > 0.8, indicating the presence of mesoporous materials comprising plate-shaped
particle aggregates. These loops do not exhibit a plateau at high P/P, values and must be classified as type Il
isotherms. This pseudo-type Il behavior is associated with the metastability of the adsorbed multilayer and the non-
rigidity of the aggregate structure [29]. The specific surface values were determined using the Brunauer-Emmett-
Teller (BET) method [30] and were found to be 46.79 m? g™* and 55.53 m? g™ for CuZnAl-HT and CuZnAl-MO,
respectively. This increase in specific surface area is attributed to the formation of new mesopores in the MO
structures through the elimination of carbonates and water molecules at high temperatures [31].
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Fig. 8 N, adsorption-desorption isotherm of prepared photocatalysts.

The particle morphology of the prepared photocatalytic powders was investigated using FESEM, as shown in
Figure 9. The CuzZnAl-HT material (Figure 9-(a)) exhibited a high degree of platelet-like morphology and irregular
agglomerates with particle sizes between 120 nm. In contrast, the HT structure collapsed and the platelets became
irregular aggregates in the MO calcined material (Figure 9-(b)). The CuzZnAl-MO structure shows a rough lamellar
structure. It should be noted that the MO material retained the characteristic morphology of mixed oxides, with
interconnected pores with wrinkled edges, which influenced its surface adsorption and photocatalytic properties.
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Fig. 9 FESEM images of prepared photocatalysts: (a) CuZAl-HT and (b) CuzZnAl-MO.

B. Heterogeneous Photocatalysis Procedure

4) Photolysis tests

Prior to the heterogeneous photocatalysis tests to removal Ramipril, the photolysis was measured. The results in
Figure 10 showed that 11.1% of Ramipril was removed by photolysis under sunlight irradiation, this indicates that
radiation is not sufficient for the removal of Ramipril.

5) Adsorption tests

. The adsorption tests using the prepared photocatalysts was carried out in the dark for 30 min, and the removal of
Ramipril was 12.9% and 22.3% for the CuZnAl-HT and CuZnAI-MO photocatalysts, respectively. The results show
that the higher the BET-specific surface area of the photocatalyst, the higher the adsorption percentage. In this
adsorption tests, the results were low on the photocatalyst surface, so this pollutant could not be removed by this

process.
TABLE |
ADSORPTION ISOTHERM MODELS APPLIED PREPARED PHOTOCATALYSTS BY USING RAMIPRIL AS MODEL POLLUTANT.
Langmuir constants Freundlich constants
Photocatalyst Qmax
- k Ri2 k n Rr2
(mg g 1) L L F F
CuZnAl-HT 05.38 0.090 0.9872 0.582 0.904 0.9267
CuznAl-MO 11.21 0.012 0.9778 0.373 0.604 0.9542

Ri2and Re2: correlation coefficients of Langmuir and Freundlich, respectively.

6) Heterogeneous Photocatalysis Tests

Time 0 of the reaction began when the system was exposed to irradiation under sunlight. According to Figure 10,
the calcined CuzZnAl-MO photocatalyst showed the highest efficiency (79%) under sunlight irradiation in just 180
min, comparing it with the CuzZnAlI-HT photocatalyst exhibited very low photocatalytic activity (32%). Two-stage
degradation are showed: a fast initial phase where Ramipril degrades rapidly according to pseudo-first-order kinetics,
and a slower second phase, likely due to the accumulation of intermediates that compete with Ramipril for active
sites. This result can be correlated with the XRD observation that only a small amount of Zn(OH) is present at this
stage, and the rest of the Cu** and Zn*" ions are incorporated into the brucite-like sheets. Furthermore, given the low
activity of the CuO and ZnO oxides, it is evident that a synergistic interaction between CuO and ZnO in the
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CuznAl-MO photocatalyst considerably enriched the catalytic active sites and improved the efficiency of ramipril
degradation.
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Fig. 10 Heterogeneous photolysis activity tests of prepared photocatalysts under sunlight irradiation.

Several parameters, such as photocatalyst amount, Ramipril concentration, and initial solution pH, can affect the
removal of Ramipril by heterogeneous photocatalysis processus. To optimize the catalytic process, it is necessary to
identify the parameters that have the greatest impact.

The study explored the influence of photocatalyst quantity on Ramipril degradation by adjusting the photocatalyst
dose between 0.05 g L™ and 1.4 g L™ at room temperature and pH 4.7, while keeping the Ramipril concentration
constant (Figure 10). Adsorption tests showed that the amount of Ramipril adsorbed decreased as the photocatalyst
dose increased, reaching a maximum of 09% and 15% at 1.0 g L™ of CuZnAI-HT and CuZnAI-MO, respectively.
On the other hand, the rate of photodegradation increased with higher doses of photocatalyst. However, above the
optimum dose of 1.4 g L™, the conversion rate dropped due to factors such as radical self-quenching, reduced
contact between radicals and Ramipril, increased turbidity and aggregation of catalyst particles, all of which
hindered the degradation process [32] [33].
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Fig. 10 Heterogeneous photolysis activity tests of prepared photocatalysts under sunlight irradiation.

Figure 11 shows that Ramipril photodegradation is highest at low concentrations (around 25%) with the CuzZnAl-
MO photocatalyst, while CuZnAIl-HT remains significantly less efficient. As Ramipril concentration increases,
degradation efficiency gradually decreases. This can be explained by the absorption of UV light by excess Ramipril
molecules, blocking of the catalyst's active sites or saturation of its surface, thus limiting its photocatalytic activity
[34] [35].
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Fig. 11 Heterogeneous photolysis activity tests of prepared photocatalysts under sunlight irradiation.
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Figure 12 shows that Ramipril degradation efficiency is highest under acidic (pH 3) and basic (pH 11) conditions,
particularly with the CuzZnAl-MO photocatalyst, while it is lowest at neutral pH (7). This variation can be explained
by the effect of pH on the surface charge of the catalyst and on the ionization state of Ramipril, which influences
their interaction and the generation of reactive radicals responsible for photodegradation [36].
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Fig. 12 Heterogeneous photolysis activity tests of prepared photocatalysts under sunlight irradiation.

In this study, the photodegradation activity of CuO and ZnO photocatalysts was enhanced by the cooperative
effects of CuO and ZnO metal oxides in the CuZuAl-MO photocatalyst, the formation of a p-n heterojunction
between p-type CuO and n-type ZnO in the CuzZnAl-MO photocatalyst can prolong charge recombination between
electrons and holes, where the electric field created at the heterojunction limits electron/hole transfer between CuO
and ZnO in the ZnCuAl-LDO photocatalyst. The photoresponse range of semiconductors extends from UV to
visible light, enabling mixed oxides to make greater use of solar energy.

IV. CONCLUSIONS

This study proposes an efficient method for degrading Ramipril, a pharmaceutical pollutant, in water under
sunlight, using an S-CuO/Zn0O heterojunction. This photocatalyst offers higher degradation efficiency, reaching 79%
in 180 minutes, compared with only 26% and 30% for CuO and ZnO alone. It offers high stability, better light
absorption and improved charge carrier separation. The study paves the way for applications such as hospital water
decontamination and other Fenton-like reactions.

ACKNOWLEDGMENT

The authors gratefully thanks to Algerian Ministry of Higher Education and Scientific Research, the General
Directorate of Scientific Research and Technological Development (DGRSDT) (Algeria), the Technical Platform of
Physicochemical Analysis (PTAPC-Laghouat-CRAPC) (Algeria), and the CATHETER Group, URV Tarragona
(Spain) for some material characterization. They also gratefully thanks Dr Safia Bouziani of SAIDAL Group, Health,
Safety and Environment Department, Production Site, Dar El Beida - Alger, Algeria.

Copyright © 2025
ISSN: 1737-9334



11th International Conference on Green Energy & Environmental Engineering (GEEE-2025)
Proceedings of Engineering & Technology — PET-Vol 94, pp.17-32

(1]
(2]
(3]

(4]

(5]

(6]

(7]

(8]
[9]
[10]
[11]

[12]

[13]

[14]

(18]
[16]

[17]

(18]

[19]

[20]
[21]

[22]

REFERENCES

C. Di Marcantonio et al., “Impact of COVID19 restrictions on organic micropollutants in wastewater treatment plants
and human consumption rates,” Sci. Total Environ., vol. 811, p. 152327, 2022, doi: 10.1016/j.scitotenv.2021.152327.

L. HanySova, M. Vaclavkova, J. Dohnal, and J. Klime$, “Stability of ramipril in the solvents of different pH,” J. Pharm.
Biomed. Anal., vol. 37, no. 5, pp. 1179-1183, 2005, doi: 10.1016/j.jpba.2004.10.041.

S. Dominguez, P. Ribao, M. J. Rivero, and 1. Ortiz, “Influence of radiation and TiO, concentration on the hydroxyl
radicals generation in a photocatalytic LED reactor. Application to dodecylbenzenesulfonate degradation,” Appl. Catal.
B Environ., vol. 178, pp. 165-169, 2015, doi: 10.1016/j.apcath.2014.09.072.

L. ZHANG, C. hua DA, X. xiu ZHANG, Y. nian LIU, and J. hui YAN, “Synthesis and highly efficient photocatalytic
activity of mixed oxides derived from ZnNiAl layered double hydroxides,” Trans. Nonferrous Met. Soc. China (English
Ed., vol. 26, no. 9, pp. 2380-2389, 2016, doi: 10.1016/S1003-6326(16)64360-1.

Y. Guo, W. Hu, H. Lu, and Z. Zhu, “Efficient Photocatalytic Degradation of 2-Methylisoborneol by Zn-Al-La Multi-
Metal Oxide Composites Derived from LDH,” Water. Air. Soil Pollut., vol. 234, no. 1, pp. 1-12, 2023, doi:
10.1007/s11270-022-06039-0.

G. R. Abderrahmane Hiri and A. Dakhouche, “Acetaminophen Removal in Aqueous Solutions via Enhanced Fenton-
Like Degradation by Copper-Nickel Based Layered Double Hydroxides,” J. Macromol. Sci. Part B, vol. 0, no. 0, pp. 1-
17, 2024, doi: 10.1080/00222348.2024.2303885.

A. Hiri, G. Radji, R. Amiri, A. Dakhouche, and R. Amiri, “Ozone : Science & Engineering The Journal of the
International Ozone Association Copper-based Layered Double Hydroxides as Heterogeneous Catalyst for Efficient
Ozonation of 4-nitrophenol in Agqueous Solution : Synthesis , Characterization , and Performance,” Ozone Sci. Eng., vol.
00, no. 00, pp. 1-14, 2023, doi: 10.1080/01919512.2023.2274326.

T. Mak Yu et al., “Exploring the surface reactivity of the magnetic layered double hydroxide lithium-aluminum: An
alternative material for sorption and catalytic purposes,” Appl. Surf. Sci., vol. 467-468, no. July 2018, pp. 1195-1203,
2019, doi: 10.1016/j.apsusc.2018.10.221.

H. Freundlich and W. J. Helle, “Flubber die adsorption in lusungen,” J. Am. Chem. Soc, vol. 61, pp. 2-28, 1939.

H. Freundlich, “Uber die Adsorption in Lsungen,” Zeitschrift fiir Phys. Chemie, vol. 57U, no. 1, pp. 385-470, 1907,
doi: 10.1515/zpch-1907-5723.

D. G. Evans and R. C. T. Slade, “Structural aspects of layered double hydroxides,” Struct. Bond., vol. 119, no.
December 2005, pp. 1-87, 2005, doi: 10.1007/430_005.

W. Zhao and W. F. Tan, “Quantitative and structural analysis of minerals in soil clay fractions developed under
different climate zones in China by XRD with Rietveld method, and its implications for pedogenesis,” Appl. Clay Sci.,
vol. 162, no. June, pp. 351-361, 2018, doi: 10.1016/j.clay.2018.05.019.

K. A. Azalok, A. A. Oladipo, and M. Gazi, “UV-light-induced photocatalytic performance of reusable MnFe-LDO-
biochar for tetracycline removal in water,” J. Photochem. Photobiol. A Chem., vol. 405, no. August, p. 112976, 2021,
doi: 10.1016/j.jphotochem.2020.112976.

B. Ali, B. Naceur, E. Abdelkader, E. Karima, and B. Nourredine, “Competitive adsorption of binary dye from aqueous
solutions using calcined layered double hydroxides,” Int. J. Environ. Anal. Chem., vol. 102, no. 14, pp. 3207-3226,
2022, doi: 10.1080/03067319.2020.1766035.

Y. Tang et al., “Facile synthesis of magnetic ZnAl layered double hydroxides and efficient adsorption of malachite
green and Congo red,” Sep. Purif. Technol., vol. 322, no. May, p. 124305, 2023, doi: 10.1016/j.seppur.2023.124305.

X. Wang et al., “Solar photocatalytic degradation of methylene blue by mixed metal oxide catalysts derived from
ZnAlTi layered double hydroxides,” Appl. Clay Sci., vol. 95, pp. 95-103, 2014, doi: 10.1016/j.clay.2014.03.016.

R. Elmoubarki et al., “Ni/Fe and Mg/Fe layered double hydroxides and their calcined derivatives: Preparation,
characterization and application on textile dyes removal,” J. Mater. Res. Technol., vol. 6, no. 3, pp. 271-283, 2017, doi:
10.1016/j.jmrt.2016.09.007.

J. Liu et al., “Synthesis and thermal properties of ZnAl layered double hydroxide by urea hydrolysis,” Powder Technol.,
vol. 253, pp. 41-45, 2014, doi: 10.1016/j.powtec.2013.11.007.

F. B. D. Saiah, B.-L. Su, and N. Bettahar, “Nickel—iron layered double hydroxide (LDH): Textural properties upon
hydrothermal treatments and application on dye sorption,” J. Hazard. Mater., vol. 165, no. 1-3, pp. 206-217, Jun. 2009,
doi: 10.1016/j.jhazmat.2008.09.125.

S. Kannan, A. Dubey, and H. Knozinger, “Synthesis and characterization of CuMgAl ternary hydrotalcites as catalysts
for the hydroxylation of phenol,” J. Catal., vol. 231, no. 2, pp. 381-392, 2005, doi: 10.1016/j.jcat.2005.01.032.

S. Abellé et al., “Aldol condensations over reconstructed Mg-Al hydrotalcites: structure-activity relationships related to
the rehydration method.,” Chemistry, vol. 11, no. 2, pp. 728-739, Jan. 2005, doi: 10.1002/chem.200400409.

V. Andal, G. Buvaneswari, and R. Lakshmipathy, “Synthesis of CuAl204Nanoparticle and Its Conversion to CuO
Nanorods,” J. Nanomater., vol. 2021, 2021, doi: 10.1155/2021/8082522.

Copyright © 2025
ISSN: 1737-9334



11th International Conference on Green Energy & Environmental Engineering (GEEE-2025)
Proceedings of Engineering & Technology — PET-Vol 94, pp.17-32

[23]
[24]
[25]
[26]
[27]

(28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

S. Loganathan, R. B. Valapa, R. K. Mishra, G. Pugazhenthi, and S. Thomas, Thermogravimetric Analysis for
Characterization of Nanomaterials, vol. 3. Elsevier Inc., 2017.

C. W. Jeon, S. S. Lee, and I. K. Park, “Structural evolution of NiAl-based layered nanostructures grown by a low-
temperature hydrothermal method,” Appl. Surf. Sci.,, vol. 473, no. July 2018, pp. 65-69, 2019, doi:
10.1016/j.apsusc.2018.12.126.

J. Tauc, Amorphous and liquid semiconductors. Springer Science & Business Media, 2012.

K. Liu et al., “NiAl LDH nanosheets based on Ag nanoparticles-decoration and alkali etching strategies for high
performance supercapacitors,” Ceram. Int., no. March, 2024, doi: 10.1016/j.ceramint.2024.07.052.

J. Zhu et al., “Calcined layered double hydroxides/reduced graphene oxide composites with improved photocatalytic
degradation of paracetamol and efficient oxidation-adsorption of As(II),” Appl. Catal. B Environ., vol. 225, no. lii, pp.
550-562, 2018, doi: 10.1016/j.apcath.2017.12.003.

Y. M. Lee, G. Lee, T. Kim, and K. D. Zoh, “Degradation of benzophenone-8 in UV/oxidation processes: Comparison of
UV/H202, UV/persulfate, UV/chlorine processes,” J. Environ. Chem. Eng., vol. 12, no. 1, p. 111623, 2024, doi:
10.1016/j.jece.2023.111623.

K. S. W. Sing and R. T. Williams, “Physisorption hysteresis loops and the characterization of nanoporous materials,”
Adsorpt. Sci. Technol., vol. 22, no. 10, pp. 773-782, 2004, doi: 10.1260/0263617053499032.

M. Naderi, “Surface Area: Brunauer-Emmett-Teller (BET),” Prog. Filtr. Sep., pp. 585-608, 2015, doi: 10.1016/B978-0-
12-384746-1.00014-8.

P. Gholami, A. Khataee, and M. Ritala, “Template-free hierarchical trimetallic oxide photocatalyst derived from
organically modified ZnCuCo layered double hydroxide,” J. Clean. Prod., vol. 366, no. June, p. 132761, 2022, doi:
10.1016/j.jclepro.2022.132761.

X. Wang et al., “NiZnAl layered double hydroxides as photocatalyst under solar radiation for photocatalytic
degradation of orange G,” Sep. Purif. Technol., vol. 132, pp. 195-205, 2014, doi: 10.1016/j.seppur.2014.05.026.

N. Wang, X. Sun, Q. Zhao, and P. Wang, “Treatment of polymer-flooding wastewater by a modified coal fly ash-
catalysed Fenton-like process with microwave pre-enhancement: System parameters, Kinetics, and proposed
mechanism,” Chem. Eng. J., vol. 406, no. May 2020, p. 126734, 2021, doi: 10.1016/j.cej.2020.126734.

N. Daneshvar, D. Salari, and A. R. Khataee, “Photocatalytic degradation of azo dye acid red 14 in water: Investigation
of the effect of operational parameters,” J. Photochem. Photobiol. A Chem., vol. 157, no. 1, pp. 111-116, 2003, doi:
10.1016/S1010-6030(03)00015-7.

A. Akyol, H. C. Yatmaz, and M. Bayramoglu, ‘“Photocatalytic decolorization of Remazol Red RR in aqueous ZnO
suspensions,” Appl. Catal. B Environ., vol. 54, no. 1, pp. 19-24, 2004, doi: 10.1016/j.apcatb.2004.05.021.

J. Gaur et al.,, “Current trends: Zinc oxide nanoparticles preparation via chemical and green method for the
photocatalytic degradation of various organic dyes,” Hybrid Adv., vol. 5, no. December 2023, p. 100128, 2024, doi:
10.1016/j.hybadv.2023.100128.

Copyright © 2025
ISSN: 1737-9334



