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ABSTRACT

The aim of this study was to evaluate the efficiency of catalytic ozonation to increase the degradation of aqueous N-methyldiethanolamine

(MDEA) solutions, using two lamellar double hydroxides, namely MgxFe-LDH with x¼Mg/Fe¼ 2, 3, were synthesized by the simple and rapid

co-precipitation method. Then, the obtained materials were calcined at 400 °C for 6 h. The calcined products were respectively designated as

HTcMg2Fe and HTcMg3Fe, and characterized by powder X-ray diffraction (XRD), N2 physisorption (BET), Fourier transform infrared spectra

(FT-IR), and scanning electron microscopy (SEM). The powders produced were used in the ozonation reaction to remove MDEA from aqueous

solutions. Experimental results showed that the highest MDEA removal efficiency is in the catalytic ozonation process. Under the optimal

conditions for heterogeneous catalytic ozonation of MDEA: initial concentration of 4 Wt% MDEA, 30 °C, catalyst mass of 30 mg/100 ml

solution, and contact time of 60 min. The results showed the highest percentage of COD removal, which was up to 80.76% for HTcMg2Fe

higher than that of HTcMg3Fe 80.36%.

Key words: catalytic ozonation, degradation N-methyldiethanolamine, layered double hydroxides, oxidation

HIGHLIGHTS

• Synthesis and characterization of Mg/Fe-LDH and its calcined product.

• Catalytic ozonation of N-methyldiethanolamine over mixed oxides derived from Mg/Fe-LDH.

• For the MDEA removal efficiencies, the experimental parameters were optimized.
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GRAPHICAL ABSTRACT

1. INTRODUCTION

The MDEA (N-methyldiethanolamine) is widely employed in natural gas processing plants to remove acid gases (CO2 and
H2S) from raw natural gas (Laila et al. 2018). However, a difficulty develops during the regeneration process in the gas puri-
fication, when a small amount of non-biodegradable alkanolamine is discharged in the wastewater. The COD of the released
wastewater containing amine was high. The purpose of this research was to assess the efficiency of catalytic ozonation reac-

tion, which improves the removal of aqueous methyldiethanolamine and can be used as a pre-treatment before a biological
process using the system (catalystþO3). Currently, there is a great deal of research on the treatment of alkanolamines con-
tained in wastewater for their toxicity, the use of adsorbents as (activated carbon, chitosan, alumina, zeolite) such as the

benefit of using this method to reuse these alkanolamines in the trial (Razali et al. 2010). Furthermore, there are many tech-
niques in the field of wastewater treatment for the removal of solids and oil, grease, biodegradable or non-biodegradable
organic compounds, and toxic molecules (Haithem et al. 2019) Such these techniques applied alone or in cascade improve

the level of treatment. Advanced oxidation processes (AOPs) occupy a very important place among the different treatment
technologies; have been considered as popular techniques to treat the high concentration of organic contaminants in waste-
water. However, we report the treatment methods such as the application of AOP (UV/Fenton, O3/Ultraviolet, O3/H2O2,

UV/H2O2, UV/TiO2) are of the most alternative techniques for the destruction of many other organic matters in wastewater
and effluents. Several AOPs have been observed in the literature such as the heterogeneous Fenton degradation of persistent
organic pollutants using natural chalcopyrite: effect of water matrix and catalytic mechanism (Jiapeng et al. 2022), addition-
ally, these AOPs are very interesting alternatives for the degradation of non-biodegradable organic pollutants by the biological

treatment process, such these techniques are based on the generation and use of a powerful oxidant especially the hydroxyl
radical (OH•) which can be produced by the photochemical and non-photochemical process, while attack the pollutant and
form the degraded product (Che et al. 2014). In addition, the catalytic ozonation is one of these processes; such that the cat-

alyst provides better performance both in terms of reaction rate and energy consumption (Legube & Karpel 1999). Overall,
the efficiency of the oxidation and the fact that it does not form solid residues, such as sewage sludge, are the main advantages
of AOP. In the other hand, the major disadvantage generally lies in the high cost of operation due to energy needs. This
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hinders industrial development a lot in technology according to a recent study (Oller et al. 2011). Currently, ozone with a

redox potential of (2.07 V), as a strong oxidant, has drawn increasing attention in various environmental systems for potential
oxidant capacity. Ozone reacts rapidly with organic substances in aqueous solution in two ways: direct reaction with molecu-
lar O3 or indirect reaction with the active radicals, such hydroxyl radicals (OH•) (redox potential of 2.33 V), react with most of

the pollutants no selectively, destroying them and converting into harmless organic compound’s such as CO2 and H2O
(Hrvoje et al. 2006; Violante et al. 2010). O3 molecules react selectively with the electron-rich compounds, so the reaction
rate is quite slow for some other organic compounds such as pesticides and increases energy consumption for ozone pro-
duction. These are examples of ozone application limitations for the direct removal of pollutants. As a consequence, the

application of some combined oxidation technologies, such as catalytic ozonation facilitates the depletion of ozone, and
the formation of hydroxyl radicals (OH•). Recently, the process of catalytic ozonation has received more attention due to
its effectiveness in treating wastewater (Lim et al. 2020). Moreover, the reaction can be run at ambient conditions of temp-

erature and pressure with complete mineralization of the organic matter into carbon dioxide and water.
In this context, several materials have been used as catalysts in the catalytic ozonation, such asmetal oxides (MnO2, FeOOH,

Fe2O3, MgO, TiO2, etc.) (Bing et al. 2019a, 2019b), support metals (Cu, Ru, Pt, Co), zeolites modified with metals, activated

carbon, and mesoporous structures (Hui et al. 2020). The mixed metal oxides have also been used in these reactions, which
are promising catalysts because of their higher reactivity (Mahesh et al. 2014). Hence, various research papers dealing with
LDH materials have been published (Nazrizawati et al. 2022). However, the synthesis of highly dispersed mixed oxides can

be obtained from lamellar double hydroxides (LDHs) structures by calcination of parent LDH (Mir Saeed et al. 2021). These
structures are considered to be a class of anionic clays and have received much attention in the field of catalysis because of
their interesting physicochemical properties (Vaccari 1999). Moreover, they are used in hydrogen generation reactions (Bert
et al. 2001), 5-hydroxymethyl furfural formation (Xiangbo et al. 2021), photocatalysis (Haithem et al. 2019), oxidative dehydro-
genation of ethanol to acetaldehyde (Haolan et al. 2022), and as a potential adsorbent on the removal of pollutants from the
environment due to their high surface area, high anion exchange capacity, and good thermal stability (Amy-Louise et al.
2021). Suggesting, the degradation in tetracycline for copper-based catalysts from electroplating sludge by ultrasound treatment

and their antibiotic degradationwas performed and the results showed that the product had very good performance over awide
pH range (2–11). At an initial pH¼ 2, the copper-based catalysts could degrade 91.9% of 50 mg/L tetracycline aqueous solution
within 30 min (Zhenxing et al. 2023). So far, various catalysts have been investigated for AOP such as LDHs (layered double

hydroxides), Haung et al. (2020) elaborated the Ni2Fe-LDHs and used them as a catalyst in the heterogeneous catalytic ozona-
tion of Bisphenol A, they found that aNi:Fe ratio of 3:1was an excellent catalyst for complete removal of BisphenolA (Yuanxing
et al.2019).Hence, the degradationof anilineby theozonationprocessusingCo2Fe-LDHandCo2Al-LDHlayereddouble oxides
was studied (Yuanfeng et al. 2020). Furthermore, they used theMg2Al-LDHas a catalyst for the decomposition of p-nitroaniline
fromaqueous solutions byozonation (Mohammad et al.2020). Recently, several synthesismethods canbeused to prepareLDH,
among them; the co-precipitation reaction undermild conditions is relatively a simple and economicalmethod (Ali et al. 2020a,
2020b). The LDH structure is defined as [M(1–x)

2þ M
x

3þ (OH)
2
]xþ(An�) x/n·mH2O, where (M2þ ¼Mg2þ, Ni2þ, Co2þ, Cu2þ, Zn2þ)

and (M3þ¼ Al3þ, Fe3þ, Cr3þ)metal cations,An� is interlayer exchangeable anions such asNO2�
3 , CO2�

3 , Cl�, and I� andm is the
number of water molecules (Ali et al. 2020a, 2020b).

In this research, two mixed oxide solids were prepared by the calcination of Mg2Fe-LDH and Mg3Fe-LDH. The powders

obtained were denoted as HTcMg2Fe and HTcMg3Fe, respectively, were used in the catalytic ozonation reaction of N-methyl-
diethanolamine to reduce it in wastewater due to its toxicity and negative environmental impact. The structural formula of
MDEA is shown in Figure 1. Subsequently, the prepared materials were characterized by various physicochemical techniques

(X-ray diffraction (XRD) (Shanza et al. 2020), Fourier transform infrared (FT-IR), differential thermal and thermogravimetric
analysis (DTA and TGA), N2 adsorption–desorption isotherms (BET), and scanning electron microscopy (SEM).

Figure 1 | The structure of MDEA.
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2. EXPERIMENTAL

2.1. Materials

The chemical reagents used were: sodium hydroxide pellets (Fisher Scientifique, 99%), hydrochloric acid (Fisher Scientifique,

36%), iron (III) chloride hexahydrate FeCl3·6H2O (Prolabo, 99.8%), magnesium chloride hexahydrate MgCl2·6H2O (prolabo,
99.9%), and deionized water purified by the Water Purification System Milli-Q (MERCK).

2.2. Synthesis procedure

For the synthesis of LDHs phases, we follow the experimental protocol based on the co-precipitation method (Aaron & Dahn
2019; Ali et al. 2020a, 2020b). In a typical synthesis, magnesium chloride MgCl2·6H2O (0.2 mol for ratio 2 and 0.3 mol for

ratio 3) and iron chloride FeCl3·6H2O (0.1 mol) were continuously stirred into NaOH solutions at pH 10 and room tempera-
ture of 25 °C. The solution while stirring at 700 rpm for 24 h. The synthesis was carried out under an inert atmosphere (N2 gas
bubbling). Then, the suspensions obtained were hydrothermally treated at a temperature of 80 °C for 24 h. To collect the pro-
ducts, the suspensions were centrifuged and rinsed five times with deionized water. Ultimately, the products were obtained by

drying the powders in an oven at a temperature of 65 °C for 24 h to achieve the Mg2Fe-LDH and Mg3Fe-LDH. Activation of
the powders was conducted via calcination in a muffle furnace at 400 °C in an air atmosphere for 6 h. The Mg2Fe-LDH after
calcination gives a product denoted as HTcMg2Fe and the second Mg3Fe-LDH gives a product designated as HTcMg3Fe.

2.3. Characterization methods

XRD patterns were recorded of 2⊖ ¼ (5–70°) using a Bruker-AXS Advance diffractometer (40 kV, 30 mA, radiation λ¼
0.15406 nm). FT-IR using a tensor 27 spectrometer (Bruker Optik GmbH, Germany). TG was recorded by thermal analysis

using the TA Micrometrics 2050 TGA in the range of 30–800 °C with a heating rate of 5 °C/min. The surface areas were deter-
mined at 77.35 K by application of the N2 adsorption–desorption isotherms (BET) method in a Micromeritics Tristar 3000
after degassing the sample in vacuo under nitrogen flow overnight at 150 °C L (Laila et al. 2018). The pH value and electrical

conductivity were measured by a pH meter inolab pH 730 (WTW) and an electrical conductivity meter inolab cond 730
(WTW), respectively.

2.4. Catalytic ozonation process of MDEA

We were interested in this study to determine the removal efficiency of an MDEA contained in a synthetic aqueous solution
by adsorption, catalytic, and non-catalytic ozonation. We have suggested different parameters such as contact time, catalyst
dose, pH contact solution, and MDEA concentration were optimized to achieve maximum removal of MDEA by several pro-

cesses. Therefore, a 500 ml capacity quartz tube reactor was used for the adsorption, catalytic ozonation, and ozonation
alone. The schematic setup of the experiments is shown in Figure 2. Overall, the ozone gas coming from the ozone generator
was introduced through a porous diffuser at the bottom of the reactor under continuous stirring; the residual ozone was cap-

tured in a potassium iodide solution (KI). Hence, to determine the adsorption phenomena affect, all solutions while stirring
magnetic at 700 rpm without O3 for 30 min to ensure the establishment of adsorption/desorption equilibrium between the
catalysts and MDEA. Then, the solution was exposed to an ozone flow rate 5 mg/min, after that the sample was pipette

via the sampling port of the reactor, and then separated from the suspended catalyst particles by filtration through millipore
filters (porosity 0.22 μm). Furthermore, the sample was analyzed. In this work, various parameters are studied such as con-
centrations of MDEA (4, 8, 12, 16, and 20 Wt%), pH (from 3 to 11), the dosage of the catalyst and the time effect.

The chemical oxygen demand (COD) analysis using the HACH model DR/2800 spectrophotometer (HACH Company,

USA) equipped with the HACH test tube.
The COD values were calculated as (Bing et al. 2019a, 2019b):

COD Removal (%) ¼ (COD0 � CODt)
COD0

� 100 (1)

where COD0 and CODt are initial and appropriate COD readings for MDEA at any time. The amine concentration (Wt%)

was measured by using the method procedure (recommended by BASF) with a taschiro indicator, where this method was
designated for LNG3 (Algeria Sonatrach Company, Algeria). The hydrochloric acid 0.01N was added to MDEA sample
until the solution changed color (Razali et al. 2010).
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The MDEA content was also analyzed using an automatic titrator (T50 METTLER TOLIDO serial number SNR:

B134208930 with a reference electrode DX 200, DGI 111-SG (0–14) pH, (0–80 °C), KCl 3 mol/L AgCL sat).
The weight percentage of MDEA is given by the following method:

MDEA (Wt%) ¼ (C1V1)� 9:25
W

(2)

where C1 and V
1
are the concentration and the volume of the HCl solution, respectively;W is the weight of MDEA taken. The

factor¼ 9.25 (recommended by BASF).

The remaining of MDEA concentration was calculated as:

MDEA Removal (%) ¼ (C0 � Ct)
C0

� 100 (3)

where C
0
is the initial concentration of the sample and C

t
is the concentration of the sample at time t.

3. RESULTS AND DISCUSSION

3.1. Structural and chemical characterization

The XRD patterns of the materials are shown in Figure 3(a) and 3(b). As can be seen from Figure 3(a), all the diffraction peaks
(003), (006), (012), (015), (018), (110), and (113) are indexed to typical LDHs with rhombohedral symmetry in the space

group R3m (JCPDS PDF-96-210-2794) (Masoud et al. 2021).
As shown in Figure 3(a), three basal reflections typical of an LDH structure were observed: at 2θ of about 10° for (003), 23°

for (006), and 35° for (009) (Ligita et al. 2020). Furthermore, the calculated d-spacing and the cell parameters (a and c) are
given in Table 1. From this table, the calculated values of parameter a (lattice parameter) with the molar ratio for Mg/Fe¼ 2

are a little small compared with the lattice parameter for Mg/Fe¼ 3M. However, a small increase for lattice parameter a with
increasing for the molar ratio R¼ 3 Mg/Fe. Overall, the calcined LDH (HTcMg2Fe and HTcMg3Fe) are shown in Figure 3(b).
It can be seen that the lamellar structure collapsed completely toward the formation of mixed oxides during the calcination

process (Esthela et al. 2019). The peaks at 2θ ¼ 43.05° and 62.55° which corresponds to MgO (LCPDS 78-0430) (Dhal et al.
2015), and at 2θ ¼ 30.1°, 35.5°, 43.06°, 57.0°, and 62.55°, that of the spinel structure of MgFe2O4 (magnesioferrite) (JCPDS 17-
0465) (Yi et al. 2021; Lingyu et al. 2022).

Figure 2 | Schematic diagram of the catalytic ozonation process.
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Hence, the FT-IR spectra of synthesized materials LDH and HTc are shown in Figure 4(a) and 4(b). The broadband
observed at 3,386 cm�1 corresponds to the hydrogen bond vibration of OH�OH2 and H2O types of the hydroxyl and

water molecules remaining in LDH (Ali et al. 2020a, 2020b). The weak band at 1,643 cm�1 is assigned to the H–OH bending
vibration of interlayer water H

2
O molecules. The strong band at 1,360 cm�1 is attributed to the ν3 mode of the interlayer

Figure 3 | X-ray diffraction patterns of (a) Mg2Fe-LDH, Mg3Fe-LDH and (b) HTcMg2Fe, HTcMg3Fe.

Table 1 | Structural parameters derived from XRD analysis

LDH d003 (Å) a (Å) c (Å) d001 (Å)

Mg2Fe-LDH 7.75 3.01 23.25 1.51

Mg3Fe-LDH 8.03 3.1 24.09 1.55

Figure 4 | Fourier transform infrared spectra of (a) LDHs and (b) HTc.
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carbonate anions (CO2�
3 ) remaining in the structure. The bands in the range of 686–547 cm�1 are attributed to the metal–

oxygen–metal stretch; specifically, the vibrational frequency of 547 cm�1 is attributed to the Fe–OH bond, and the band
686 cm�1 corresponds to the vibration of O–Fe–O (Fei-Peng et al. 2014; Anamália et al. 2021).

In addition, the ferrite spinel with the MgFe2O4 structure has two types of hydroxyl groups on the surface Fe–OH bond

attributed 547 cm�1, which are the main active centers for binding various cationic and anionic compounds. In aqueous sol-
utions, an outer layer of hydroxyl groups (surface) is formed on the surface of ferrite spinel (Ligita et al. 2020). The surface
charge of a metal ferrite depends on the solution pH and can be described using the zero charge point (pHpzc). In the case of
pH, pHpzc, the surface is dominated by an excess positive charge (–OH2þ) due to an increase in the number of Hþ ions, as a

result, the adsorbent behaves like a Brensted acid. At pH. pHpzc, the surface of the adsorbent acquires a negative charge as a
result of the deprotonation of hydroxyl groups, and the adsorbent will behave as a Brensted base. Thus, denoting that anions
are commonly adsorbed at pH, pHpzc and cations at pH. pHpzc (Ligita et al. 2020).

In the case of HTc, the FT-IR spectrum shows complete disappearance of the characteristic bands of water molecules (at
about 3,386 cm�1) and the carbonate group CO2�

3 (at around 1,360 cm�1). Meanwhile, an increase in the intensity of the
bands corresponds to the characteristic vibrations of the M–O bonds (M¼ Fe or Mg) in the range of 405 cm�1 (Shutang

et al. 2021).
Furthermore, the thermal behavior of both LDHs is shown in Figure 5(a) and 5(b). It can be seen that the peaks at 129 and

124 °C correspond to the loss of physisorbed and interlayer water. The temperatures of 329 and 317 °C correspond to the

mass loss due to dehydroxylation, which induces the collapse of the structure through endothermic reactions (Qining
et al. 2022). In the case of Mg2Fe-LDH, evolution to cubic periclase (MgO) and amorphous spinel (MgFe2O4) occurs at
329 °C. The same thermal decomposition profile is observed for Mg3Fe-LDH.

Figure 6 shows the N2 adsorption–desorption isotherms of the calcined materials, and the structural parameters of both

materials are listed in Table 2. According to the IUPAC classification, both materials are characterized by the same type
IV isotherm with an H3-type hysteresis loop, indicating the presence of mesopores in the form of slits (Shutang et al.
2021). Figure 6(b) shows the pore size distribution of both. From the BET analysis, the total surface area for HTcMg3Fe

(65.347 m2/g) is higher than HTcMg2Fe (32.245 m2/g) and could help to enhance the catalytic activities.

Figure 5 | Thermal analysis of LDHs (a) differential thermal analysis (DTA) and (b) thermogravimetric analysis (TGA).
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The microstructural and morphological features of the LDH and HTc samples are further explored using (SEM) analysis
and their corresponding descriptions are shown in Figure 7(a)–7(d). LDHs particles are irregular plate-like particles charac-
teristic of a stacked sheet structure. The highest aggregation of the particles was found in the case of the HTc materials

(Figure 7(b) and 7(c)), indicating that there is the destruction of the lamellar structure during the calcination process.

3.2. Effect of operating parameters on the degradation performance of MDEA

3.2.1. Effect of catalyst mass

The dosage of adsorbent mass is one of the most important influencing parameters in the mass transfer process during the
adsorption reaction. This provides the number of active sites capable of interacting with the molecule in solution, which

we initially studied the effect of catalyst mass. The adsorption performance of activated materials HTc was investigated
for the removal of MDEA-wastewater conditions: (100 ml of a solution containing MDEA (4 Wt%), catalysts dose (10–
60 mg), time of 30 min, and pH 10). A 5 ml of each solution was taken and filtered before analysis.

The results illustrated in Figure 8(a) are clearly showed that increasing mass catalysts from 10 to 30 mg increased the per-
centage of adsorption MDEA from 7.69 to 39.56% by the catalyst HTcMg2Fe and from 4.84% increased to 34.73% by the
catalyst HTcMg3Fe. However, at a high catalyst content of 30–60 mg, the percentage removal MDEA solution did not

increase therefore the adsorption process, suggesting that it had reached its saturation level as there were no MDEA mol-
ecules available to be adsorbed at higher dosages of the catalysts (Nayunigari et al. 2017). Thus, the amount of 30 mg for
both catalysts used was selected as the optimum amount for subsequent experiments. Additionally, as shown inset in
Figure 8(b), the influence of catalyst dosage on both catalysts was studied under the same condition: (solution volume of

100 ml containing 4 Wt% MDEA, flow ozone rate of 5 mg/min, and reaction time of 2 h). Overall, the optimum dosage of
both catalysts in the catalytic ozonation process of MDEA depends on the amount of catalyst. Suggesting, in the present
study, the value of 30 mg of both catalysts was determined as the optimum dosage for the degradation of MDEA in the cat-

alytic ozonation process. In addition, the ozonation of MDEA with or without a catalyst was performed under the same
conditions (pH 10, temperature of 30 °C, and 30 mg catalysts), such as a flow rate O3 of 5 mg/min with continuous steering.
According to results shown in Figure 8(b), it can be seen the efficiency of ozone alone is low and the degradation of pollutants

Figure 6 | (a) Isotherms using N2 adsorption–desorption and (b) pore size distribution curves of HtcMg2Fe, HTcMg3Fe materials.

Table 2 | Textural properties of activated layered double hydroxides

Catalyst BET area (m2/g) Pore diameter (nm) Pore volume (cm3/g)

HTcMg2Fe 32.245 144.645 0.327

HTcMg3Fe 65.347 128.972 0.417
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is ineffective, that reduce only 16.92%, which is very slow; due to the low reaction rate of organic compounds with ozone and

low solubility and stability of ozone in aqueous solutions and the main disadvantages of the ozonation process. In addition,
this procedure has low mineralization efficiency for organic compounds. Therefore, it is essential to modify this process in
order to maximize the removal of the pollutants and also intermediate compounds (Esrafil et al. 2021). When the catalytic

Figure 7 | SEM images of (a) Mg2Fe-LDH; (b) Mg3Fe-LDH; (c) HTcMg2Fe; and (d) HTcMg2Fe materials.

Figure 8 | (a) MDEA removal with different dosages of HTc by adsorption and (b) MDEA removal by adsorption catalytic and no catalytic
ozonation with inset: (effect of catalyst mass on catalytic ozonation).
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ozonation process can overcome these problems, during this reaction, the catalysts can promote O3 decomposition and gen-

erate active free radicals OH•, which can enhance the degradation of MDEA. As shown in Figure 8(b), the presence of
catalysts with an ozone flow rate of 5 mg/min in the process was reduced by 69.23 and 67.69% of MDEA by catalysts
HTcMg2Fe and HTcMg3Fe, respectively. The efficiency of the catalytic process in the presence of the systems (catalystsþ
O3) toward reducing MDEA was due to the synergetic effect of both components. The indirect reaction of ozone molecules
with organic compounds occurs after ozone degradation and the formation of secondary oxidants, especially radical hydroxyl
OH• (Bing et al. 2019a, 2019b). The mechanism of ozone reaction with organic compounds in aqueous MDEA solution was
according to Equations (4)–(9).

O3 þOH� ! O2 þHO�
2 (4)

O3 þHO2 ! HO†
2 þO†

3 (5)

HO2 ! O�
2 þHþ (6)

O3 þO†�
2 ! O†�

3 þO2 (7)

O†�
3 þHþ ! HO†

3 (8)

HO†
3 ! O2 þOH† (9)

3.2.2. Effect of the time

The kinetics of ozonation of aqueous MDEA solution in the presence of 30 mg of catalysts was studied at pH 10 and a temp-
erature of 30 °C, the experiments were carried out using a fixed initial concentration of aqueous MDEA solution (4 Wt%), and
the ozone gas was introduced through a porous diffuser at the bottom of the reactor at a flow rate of 5 mg/min under con-

tinuous steering. A 5 ml of sample was taken every 10 min to separate the catalyst particles by filtration.
As shown in Figure 9, the COD and MDEA percentage removals are plotted as a function of the time. Therefore, the vari-

ation in MDEA concentration removal was observed more slowly for the two catalysts in the process (catalystsþO3) in the

first 40 min from the star reaction, after which it continued at a very slow rate of 40–60 min, while the MDEA removal by the
process attained 69.23 and 67.69% by the HTcMg2Fe and HTcMg3Fe, respectively. Eventually, with a sufficient contact time
of 60 minutes reaction progress was achieved.

This indicates that the system is in equilibrium, as a result of the saturation of the two catalysts’ surface sites. It can be seen
from Figure 9(a), the COD removal is achieved after 60 min of reaction catalytic ozonation for both materials, it was observed
that the process (catalystþO3) was more effective in removing the COD in wastewater containing MDEA, resulting in an

average of 80.64 and 80.20% by HTcMg2Fe and HTcMg3Fe, respectively, in the process (catalystþO3). This shows that
the prepared (HTcMg2Fe and HTcMg3Fe) had better catalysts for catalytic ozonation performance. Furthermore, the kinetics
of the catalytic ozonation process was also investigated, and it was found that kinetics degradation corresponds to the pseudo-
first-order model; which can be described by the following expression:

ln
C0

Ct

� �
¼ kt (10)

where C0 and Ct are MDEA concentration at reaction time t0 and t, respectively, and k is pseudo-first-order rate constant

(min�1). According to the results of the pseudo-first order on both catalysts given in Figure 9(c) and listed in Table 3, it
can be seen that the catalytic ozonation with catalysts toward the degradation of MDEA is much higher than in the presence
of HTcMg2Fe, while the correlation coefficient (R2¼ 0.981), rate constant k ¼ 0.0201 min�1, and t1/2¼ 34.48 min�1, was

higher than for HTcMg3Fe (R2¼ 0.973), rate constant k ¼ 0.0184 min�1, and t1/2¼ 37.66 min�1.

3.2.3. Effect on initial MDEA concentration

The purpose of the experiments was to investigate the effect of initial MDEA concentrations on the degradation efficiency in

(catalystsþO3) systems, they were performed at a temperature of 30 °C, pH 10, and different MDEA concentrations ranging
from 4, 8, 12, 16, and 20 Wt% in a 100 ml aqueous solution containing catalysts mass of 30 mg. Again the solution while mag-
netic stirring for 60 min. The ozone gas is introduced in a quartz tube with a flow rate of 5 mg/min. 05 ml of samples are taken
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and filtered through millipore filters (porosity 0.22 μm) in order to remove catalyst particles. Subsequently, the residual
MDEA concentrations during the catalytic ozonation were analyzed. As shown, the results obtained during degradation in
Figure 10(b).

Figure 9 | Effect of time for degradation of MDEA (4 Wt%) by 30 mg HTcs (a) removal percentage of COD, (b) MDEA removal (%), (c) degra-
dation (adsorption, catalytic ozonation), and (d) linear fit of the pseudo-first-order model.

Table 3 | Pseudo-first-order kinetic parameters for degradation of MDEA

Process Removal (%) Kapp (min�1) t1/2 (min�1) R2

HTcMg2FeþO3 69.23 0.0201 34.48 0.981

HTcMg3FeþO3 67.69 0.0184 37.66 0.973
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The removal efficiency decreased with the increasing initial concentration of MDEA. This could be attributed to the insuf-

ficiency of systems (catalystsþO3) to remove high MDEA molecules in the aqueous solution. To investigate the performance
of this process, the COD analysis was performed under the same conditions (Figure 10(a)). The highest value of the COD
removal was (80.64%) obtained when using (4 Wt%) of MDEA, then the COD removal decreased with increasing of
MDEA content in the aqueous solution. Overall, these results indicate that both catalysts with ozone could cause a low

degree of degradation and mineralization of the highly concentrated MDEA (Gholamreza et al. 2009).

3.2.4. Effect of initial pH

The initial pH of the solution is also one of the important parameters in the process of treating the MDEA from aqueous sol-

utions. All experiments were performed with 100 ml of a solution containing (4 Wt%) of MDEA, using the same operating
conditions (the temperature of 30 °C, the mass of catalyst 30 mg, and the ozone flow rate of 5 mg/min) in several initial
pH values in the range (3–11) by adjusting solutions with 0.01 N NaOH or HCl. As shown in Figure 11, the efficiency of cat-

alytic ozonation treatment of wastewater in different regions, and the efficiency of MDEA was observed at all pH values. The
destructive performance slowly increased from low to initially neutral pH levels, but it began to decrease when the basic pH
was performed.

The results showed that the highest COD removals were observed over catalysts HTcMg2Fe up to 80.76% at pH 7 and
HTcMg3Fe at 80.36% at pH 8, due to the reactivity and stability of catalysts in this pH range. In addition, the high removal
of MDEA in alkaline pH can be related to pHpzc of catalysts (Andrei et al. 2021). The pHpzc of HTc was determined by the

solid addition method to be 7.7 for HtcMg2Fe and 8.2 for HtcMg2Fe. Therefore, the pHpzc is the pH at which the catalyst’s
surface is electrically neutral can be explained the best removal efficiency was obtained while the high stability of the catalyst.
Many studies have reported that in alkaline conditions the performance catalytic ozonation efficiency increases, because the
decomposition of ozone generating free active radicals especially OH• radicals), which are extremely oxidizing species and

selectively react with organic compounds in aqueous solutions. Additionally, in our study, the destruction performance of
MDEA was started in an acidic pH 3 environment and was 77.6% for the process (HTcMg2FeþO3) and 77.8% for the pro-
cess (HTcMg3FeþO3). Also in an alkaline solution, the MDEA removal efficiency in the catalytic ozonation reaction was

80.61% in the process (HTcMg2FeþO3) and 80.28% in the process (HTcMg3FeþO3) at pH 11, under these conditions, it
becomes ozone combined with the catalyst increasing the production of hydroxyl radicals OH• can be very reactivity with
MDEA solution in the presence of a catalyst, which increases the treatment efficiency of MDEA-wastewater.

Figure 10 | Effect of initialMDEAconcentration on the ozonation catalytic. (a) Reduction percentageof CODand (b) degradation ofMDEA (Wt%).
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Both calcined LDH (HTc) have almost the same catalytic activity toward the degradation of MDEA with a mean removal

COD of 80.76% in the pH 7 by HTcMg2Fe, this value remained significant when compared to the work of Samira Molareza
et al., who used ultraviolet UV light and peroxy disulfate for the photochemical oxidation of MDEA (Samira et al. 2016).

The present study for catalytic ozonation of MDEA has been compared with previous research work to understand the

novelty of this work (Table 4). From this table, all applied materials (HtcMg2Fe and HtcMg3Fe) were better catalysts for
the removal efficiency of MDEA. Moreover, this study was evaluating the efficiency of catalytic ozonation reaction, which
increased the removal of aqueous methyl diethanolamine. Indicating possibilities of applications in industrial as a pre-treat-

ment before a biological process using the system (catalystsþO3).

4. CONCLUSION

In summary, Mg2Fe-LDH and Mg3Fe-LDH are successfully synthesized via the co-precipitation method. A portion of the
LDH was calcined at 400 °C for 6 h to obtain two calcined powders designated respectively as HTcMg2Fe and HTcMg3Fe.

Figure 11 | Effect of pH on the catalytic ozonation of MDEA (4 Wt%). Reduction percentage of COD.

Table 4 | Comparison of this work for degradation MDEA with reported different

References Process Concentration MDEA Flow rate O3 Removal efficiency

Samira et al.
(2016)

(UV/K2S2O8) process 500 ppm / 75% COD

Bing et al. (2019b) Fe–C microelectrolysis MDEA (Puguang Plant in Sichuan Province,
China). Mass ratio of filings to wastewater¼ 1:1

/ 96% COD

Mohammad et al.
(2022)

Subcritical and supercritical
water oxidant

1,095 ppm / 97.4% MDEA
dégradation

Gi-Taek et al.
(2022)

Fenton method (44–32 mg/L) / 47.0% COD
O3 oxidation test (44–32 mg/L) 56 mg/L 27.2% COD

In this study (HTcMg2FeþO3) 4 Wt% 5 mg/min 80.76% COD
(HTcMg3FeþO3) 4 Wt% 5 mg/min 80.36% COD
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The LDHs powder exhibited rhombohedral symmetry and after activation by calcination, the structure of both LDHs com-

pletely collapse to give a mixture of oxides (MgOþMgFe2O4) with a spinel structure. The study of the catalytic ozonation
process for MDEA degradation revealed higher MDEA removal efficiency compared to the direct ozonation process. Overall,
both catalysts with ratio R¼ 2.3 Mg/Fe exhibited the best degradation performance. After 60 min reaction, 30 mg catalysts,

(4 Wt%) MDEA, an average value of COD removal was 80.76% obtained by HTcMg2Fe pH 7 and 80.36% by HTcMg3Fe
at pH 8. Both catalysts showed almost higher COD removal versus MDEA degradation in aqueous solutions with a small
improvement for HTcMg2Fe compared to HTcMg3Fe. Ultimately, after calcination the Mg2Fe-LDH structure can yield a
mixed oxide (HTcMg2Fe), which can be considered as an excellent practical alternative catalyst with high performance in

the removal of organic pollutants such as MDEA from aqueous solutions.
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