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SUPPLEMENTARY MATERIAL 

1. Summary of Experiments Performed within This Study 

Table S-1. Mass loss for each temperature range, as well as total mass loss of Ni(2-x)Cu(x)Al-LDH catalysts 

obtained by TGA. 

 

Catalysts 
Mass loss (%) 

[Ambaint-200°C] 
Mass loss (%) 
[200°C-350°C] 

Mass loss (%) 
[350°C-500°C] 

Total mass loss 
(%) 

x:0.0 16.0 17.0 4.0 37.0 
x:0.5 15.0 18.0 3.5 36.5 
x:1.0 14.0 18.0 4.0 36.0 
x:1.5 13.0 15.0 5.0 33.0 
x:2.0 10.0 17.0 4.0 31.0 

  

 

 

Table S-2. The calculated kinetic parameters and activations energy of TOC disappearance rate. 

 

Reaction 
 temperature 

kapp 
(min-1) 

R² 
Ea 

(kJ mol-1) 

293 K 0.00217 0.95412 
0.94686 
0.95320 
0.98634 
0.96671 
0.96304 

 
 

44.803 
 

 

303 K 0.00491 
313 K 0.00526 
323 K 0.01030 
333 K 0.02076 
343 K 0.03136 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH with x:1.0: 0.4 g L-1, reaction time: 90 min, pH: pHPZC) 
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Table S-3. TOC conversion rate obtained (%) for each catalyst. 

 

Catalysts 
After 30 
min of 

heating 

After 30 
min of 

ads 

 
10 min 

 
20 min 

 
30 min 

 
60 min 

 
90 min 

x:0.0 14.65 7.35   0.61   0.83   3.88   6.21   6.23 
x:0.5 15.73 6.73   3.99 11.03 12.07 25.57 28.72 
x:1.0 15.36 6.04 15.11 25.08 37.77 49.19 65.24 
x:1.5 14.53 5.35 18.69 31.00 41.09 53.08 66.95 
x:2.0 13.49 4.27 24.29 35.26 46.88 57.66 74.79 

(SPRX, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH: 0.4 g L-1, reaction time: 90 min, T: 60°C, pH: pHPZC) 
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2. Synthesis protocol of catalysts 

 

Fig.S-1. Synthesis protocol of Ni(2-x)Cu(x)Al-LDH with x:0.0; 0.5; 1.0; 1.5 and 2.0 catalysts 
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3. HPLC Analyses  

HPLC analyses were carried out using a Shimadzu HPLC system equipped with a diode array 

detector (DAD) and a gradient technique, with the HPLC equipment being supplied by Shimadzu. 

The mobile phase has been made up of water (which contains 0.1% phosphoric acid) and ACN. 

The analytes were separated using a Mediterranea HPLC column (C18, 2.1 x 150 mm, 3.5 m, 

Teknokroma, USA) at a temperature of 40°C. The wavelength of the DAD was fixed at 254 nm. 

Multiple HPLC gradients were evaluated to ensure adequate peak separation and resolution. By 

comparing the resulting chromatograms, it was determined that the following gradient program 

was best for mobile phase flow: Following sample injection, the percentage of ACN was increased 

linearly from 0 to 10% in a time interval of 0 to 15 minutes; it was then maintained at 25% in a 

time interval of 15 to 17 minutes, at 80% in a time interval of 17 to 27 minutes, reaching 100% 

ACN at 27 minutes, and then reduced to 10% over a 32 minutes period. A 7 minutes post-run 

interval of 10% ACN was established prior to the start of the next sample injection in order to 

establish a steady state in the separation system and to allow for column regeneration. 

 

4. Extraction Procedure and Conditions for GC-MS Analyses 

Before GC-MS analysis, the samples were extracted with dichloromethane (DCM); 50 mL of 

sample was put to the separatory funnel, along with 10 mL of dichloromethane as the extraction 

solvent. The mixture was agitated vigorously for 5 minutes and then allowed to settle. The method 

was repeated twice more (Trouvé et al., 2021). The whole organic phase was analyzed directly by 

GC-MS using a SHIMADZU GCMS-QP2020 instrument equipped with a fused Rxi®-5ms 

capillary column (Phase: Crossbond® 5% diphenyl/ 95% dimethyl polysiloxane); its dimensions 

are 30 m 0.25 mm and its film thickness is 0.25 m. A solution was made by diluting 10% vol of 

the sample in dichloromethane and injecting 0.5L of the resulting solution in split mode (1:1). The 

column temperature was planned to be fixed at 40°C for 3 minutes, then escalated to 220°C at a 

rate of 25°C/min for 10 minutes. Temperatures of the injector and detector were maintained at 

250°C and 220°C, respectively. Helium (99.99%) was employed as the carrier gas at a flow rate 

of 1 mL/min. The mass spectrometer was operated under the following conditions: 200°C ion 

source temperature, 70 eV ionization voltage, and electron ionization mass spectra were collected 

in the mass range 40-300 m/z. The series of n-alkanes employed in these investigations was (n-

C7-C33). 
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5. Chromatograms Obtained by HPLC and GC-MS Analyses 

 
Fig.S-2. HPLC chromatograms (a) Initial SPRW; (b) without catalyst and without oxidant; 

(c) without catalyst and with oxidant (d) without oxidant and with catalyst 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH with x:1.0: 1.0 g L-1,  

T: 60°C, reaction time: 30 min, pH: pHPZC) 

1) Phenol; 2) O-Cresol; 3) Toluene; 4) Naphthalene; 5) Xylene and 6) Titon X-100 

 

 
Fig.S-3. HPLC chromatograms (a) Initial SPRW; (b) After 30 min heating; 

(c) After 30 min adsorption; (d) After 60 min of reaction and (e) After 90 min of reaction 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH with x:1.0: 1.0 g L-1,  

T: 60°C, reaction time: 90 min, pH: pHPZC) 

1) Phenol; 2) O-Cresol; 3) Toluene; 4) Naphthalene; 5) Xylene and 6) Titon X-100 
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Fig.S-4. GC-MS chromatograms (a) Initial SPRW; (b) After 30 min heating;  

(c) After 30 min adsorption and (d) After 90 min of reaction  

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH with x:1.0: 1.0 g L-1,  

T: 60°C, reaction time: 90 min, pH: pHPZC) 

1) Toluene; 2) Xylene; 3) Nonane; 4) Phenol; 5) O-Cresol; 6) Naphthalene; 7) Hexadecane,  

8,9) Organics acids and 10-16) Alkanes  

 

Fig.S-5. HPLC chromatograms (a) Initial SPRW; (b) After 30 min heating; 

(c) At pH 5; (d) At pH 7 and (e) At pH 9 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH with x:1.0: 0.4 g L-1,  

T: 60°C, reaction time: 90 min) 

1) Phenol; 2) O-Cresol; 3) Toluene; 4) Naphthalene; 5) Xylene and 6) Titon X-100 
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Fig.S-6. GC-MS chromatograms (a) Initial SPRW; (b) After 30 min heating; 

(c) After 30 min adsorption; (d) At pH 5; (e) At pH 7 and (f) At pH 9 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH with x:1.0: 0.4 g L-1,  

T: 60°C, reaction time: 90 min) 

1) Toluene; 2) Xylene; 3) Nonane; 4) Phenol; 5) O-Cresol; 6) Naphthalene; 7) Hexadecane 

 

 

 
Fig.S-7. FT-IR spectra of Ni(2-x)Cu(x)Al-LDH with x:1.0; after 30 min of adsorption and after 

90 min of reaction 
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Fig.S-8. HPLC chromatograms (a) Initial SPRW; (b) x:0.0; (c) x:0.5; (d) x:1.0 (e) x:1.5  

and (f) x:2.0 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH: 0.4 g L-1,  

T: 60°C, reaction time: 90 min, pH: pHPZC) 

1) Phenol; 2) O-Cresol; 3) Toluene; 4) Naphthalene; 5) Xylene and 6) Titon X-100 

 

 
Fig.S-9. GC-MS chromatograms (a) Initial SPRW; (b) After 30 min heating;  

(c) After 30 min adsorption; (d) x:0.0; (e) x:0.5; (f) x:1.0; (g) x:1.5 and (h) x:2.0 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH: 0.4 g L-1,  

T: 60°C, reaction time: 90 min, pH: pHPZC) 

1) Toluene; 2) Xylene; 3) Nonane; 4) Phenol; 5) O-Cresol; 6) Naphthalene; 7) Hexadecane 
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Fig.S-10. HPLC chromatograms of SPRW degradation at different reaction time 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH with x:1.0: 0.4 g L-1, 

T: 60°C, reaction time: 90 min, pH: pHPZC) 

 

 

6. Comparison of catalysis performance 

Table S-4. Comparison of various copper-based LDH catalysts for the degradation of organic pollutants in 

wastewater.  

 

Catalysts 

TOC removal (%) 

and/or Reduction 

efficiency (%) 

Nature 
Operating 

conditions   
References  

CuNiAlCO3-

HTLc  

47.1% Phenol 

conversion 

Heterogenous 

Fenton reaction 

Phenol: 0.5 g, 

Catalyst: 0.05 g, 

phenol/H2O2 

(mol): 1/1.6, pH: 7, 

time: 1h, T:60°C. 

(Zhu et al., 1998) 

CuNiAl3-5 LDH 23.7% Phenol 

conversion 

Heterogenous 

Fenton reaction 

Phenol: 1.0 

g/Water: 10 mL, 

catalyst: 10 mg, 

phenol/H2O2 

(Dubey et al., 

2002) 
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(mol): 2.0, pH: 5.0, 

time: 2h, T:65°C.  

CuNiAlCO3 LDH 80% TOC removal 

100% Phenol 

conversion   

Heterogenous 

Fenton reaction 

Cu/Ni/Al: 4.8/1.2/ 

2 molar ratio 

Phenol: 2.66 mM, 

Catalyst amount: 

0.8 g L-1, 

n(H2O2)/n(Phenol): 

15, pH: 6.5, time:  

2h, T: 40°C. 

(Zhou et al., 

2011a) 

CuNiAl35 LDH 62.8 ± 0.6% Phenol 

conversion 

 

 

Heterogenous 

Fenton reaction 

Phenol: 500 

mg/Water: 10 mL, 

Catalyst amount: 

17 mg, 

phenol/H2O2 molar 

ratio: 1:2, pH: 6.5, 

time: 2h, T:60°C. 

(Dai et al., 2021) 

CuNiAl35 LDH 60.5 ± 4.3% m-

Cresol conversion 

 

Heterogenous 

Fenton reaction 

m-Cresol: 500 

mg/Water: 5 mL, 

Catalyst amount: 

17 mg, m-

Cresol/H2O2 molar 

ratio: 1:2, pH: 6.5, 

time: 3h, T:60°C. 

(Dai et al., 2021) 

CuNiAl35 LDH 43.6 ± 3.5% 3-

Ethylphenol 

conversion 

 

Heterogenous 

Fenton reaction 

3-ethylphenol: 500 

mg/Water: 5 mL, 

Catalyst: 17 mg, 3-

ethylphenol/H2O2 

molar ratio: 1:2, 

pH: 6.5, time: 3h, 

T:60°C. 

(Dai et al., 2021) 

CuCo31 LDH 51.2% Phenol 

conversion 

Heterogenous 

Fenton reaction 

Phenol: 1.0 

g/Water: 10 mL, 

catalyst: 10 mg, 

phenol/H2O2 

(mol): 1/2, pH: 5, 

time: 2h, T:65°C. 

(Rives et al., 

2001) 

CuMgAl-11 

LDH 

65.0% Phenol 

conversion 

Heterogenous 

Fenton reaction 

Phenol: 1.0 

g/Water: 10 mL, 

catalyst: 10 mg, 

phenol/H2O2 

(mol): 1/2, pH: 6.5, 

time: 2h, T:65°C. 

(Kannan et al., 

2005) 
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CuZnAl-LDH 100% Benzene 

conversion 

Heterogenous 

Fenton reaction 

Benzene: 5 

g/Water: 15 mL, 

Catalyst: 10 mg, 

H2O2: 0.7 mL, 

time: 6h, T:50°C. 

(Antonyraj & 

Kannan, 2011) 

Cu0.5Ni2.5Fe LDH 

 

100% TOC 

removal 

 

 

Heterogenous 

Fenton reaction 

Phenol: 100 mg L-

1, Catalyst amount: 

1.0 g L-1, MH2O2 

/MPhenol: 56, pH: 

6.5, time:  1h, T: 

40°C. 

(Hao Wang et al., 

2018) 

Cu1Ni2Sn0.75 

LDH 

93.2% TOC 

removal 

 

 

Heterogenous 

Fenton reaction 

Phenol: 94 mg L-1, 

Catalyst amount: 

1.0 g L-1, MH2O2 

/MPhenol: 56, pH: 

6.9, time:  1h, T: 

50°C. 

(Hao Wang et al., 

2020a) 

Ni(2-x)Cu(x)Al-

LDH x:1.0 

65.24% TOC 

removal 

100% Toluene 

conversion 

100% Phenol 

conversion 

100% o-Cresol  

100% Xylene 

conversion 

100% Naphthalene 

conversion 

Heterogenous 

Fenton reaction 

Mixture (Toluene, 

Nonane, Phenol, 

Xylene, 

Naphthalene, 

Hexadecane: 10 

mg L-1, o-Cresol: 

20 mg L-1), 

H2O2/DOC: 5, 

Catalyst: 0.4 g L-1, 

pH : 7.5, time : 90 

min, T: 60°C.  

This work  

 

 

Table S-5. Comparison of various copper-based non-precious metal catalysts for the degradation of organic 

pollutants in wastewater.  

 

Catalysts 

TOC removal (%) 

and/or Reduction 

efficiency (%) 

Nature 
Operating 

conditions   
References  

Cu/Ligand/H2O2 

system 

47.6% Benzene 

conversion 

36.0% Toluene 

conversion 

Homogenous 

Fenton reaction 

Mixture (Benzene: 

1.28 mM, 

Toluene: 1.09 

mM, 

ethylbenzene: 0.94 

mM, Xylenes: 

(Baldrian et al., 

2004) 
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25.4% 

Ethylbenzene 

conversion 

29.1% o-Xylene 

conversion 

20.9% m-Xylene 

conversion 

31.1% p-Xylene 

conversion 

0.94 mM), CuSO4: 

10 mM, Succinic 

acid: 200 mM, 

H2O2: 100 mM, 

pH: 2-5, time: 20h, 

T: 22°C. 

Mesoporous 

5Cu/Al2O3–

MCM-41 

composite  

70% 4-chloro-2-

nitrophenol 

conversion 

75% 2-chloro-4-

nitrophenol 

conversión 

80% Phenol 

conversion 

Photo-Fenton 

reaction 

Phenol, 2-chloro-

4-nitrophenol, 4-

chloro-2-

nitrophenol: 100 

mg L-1/20 mL,  

Catalyst: 1 g L-1,  

H2O2: 1.0 × 10-6 

mol, pH: 4, time: 

45 min, sunlight. 

(Pradhan et al., 

2013) 

Copper loaded 

activated carbon 

82% TOC removal 

90% Nitrobenzene 

conversion 

Heterogenous 

Fenton reaction 

Nitrobenzene: 100 

mg L-1, Catalyst: 

0.25 g L-1; Cu 

loading: 2.5 wt%, 

H2O2/nitrobenzene 

(mol): 14.5, pH: 3, 

time: 4h. 

(Priyanka et al., 

2014) 

Mesoporous 

carbon CuFe-

MC-1-8 

00 composite 

83.7% TOC 

removal for phenol 

solution 

66.3% TOC 

removal for 

bisphenol A 

solution 

93.5% TOC 

removal for 2,4,6-

Trichlorophenol 

Heterogenous 

Fenton reaction 

Phenol, Biphenol 

A, 2,4,6-

Trichlorophenol: 

100 mg L-1, 

Catalyst: 300 mg 

L-1, H2O2 : 30 mM, 

pH : 3, time : 12h, 

T :  25°C. 

(Y. Wang et al., 

2015) 
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Abstract 11 

A series of Ni(2-x)Cu(x)Al-LDH layered ternary double hydroxides with x:0.0; 0.5; 1.5; and 2.0 were 12 

synthesized as catalysts to degrade aromatic and aliphatic organic compounds present in petroleum refinery 13 

wastewaters by means of a Fenton-type reaction and with hydrogen peroxide as a free radical generator. 14 

Samples obtained by coprecipitation at constant pH with a molar ratio R:(Ni2++Cu2+)/Al3+ equal to 2.0 were 15 

characterized by PXRD, FT-IR, ESEM-EDS, ICP-OES, TGA and N2 physisorption.  16 

The results of the oxidation reaction showed that catalytic activity varied inversely with the Ni2+/Cu2+ ratio, 17 

and activity was maximum for x:2.0. The catalyst can remove 74.8% of TOC, and the aromatic compounds 18 

can be completely oxidized by H2O2 after 90 min at 60°C under pH: pHPZC conditions, a less excessive dosage 19 

of H2O2 (H2O2/COD:5), and a reaction medium temperature of 60°C. However, this catalysis presents phases 20 

other than LDH, such as malachite and gibbsite. 21 

For lower Ni2+/Cu2+ ratios, the highly dispersed MO6 octahedra and the Jahn-Teller distortion effect facilitate 22 

electron transfer from Ni and thus increase the percentage of Cu+, which can react with H2O2 to produce 23 

strong hydroxyl radicals. In the degradation process of aromatic organic compounds catalyzed by Ni(2-24 

x)Cu(x)Al-LDH, hydrogen peroxide can first adsorb on the surface of the catalyst and then get an electron from 25 

Cu+ ions to produce Cu2+, HO• and OH- ions. HO• can then react with the aromatic compounds to produce 26 

intermediates, organic acids, and alkanes. The presence of multivalent Cu, Ni and Al cations in LDH can 27 

build a closed electron cycle and rapidly regenerate Cu+ species.  28 

The catalytic oxidation process had first-order kinetics with an activation energy of 44.803 kJ mol-1 for the 29 

TOC disappearance reaction. 30 

 31 
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1. Introduction 40 

Given the considerable impact of industrial activities on the environment, pollution control is a major concern 41 

for the industrial sector. More restrictive environmental laws on waste or effluent disposal, industry pressure 42 

for environmentally sustainable practices, effluent disposal costs and, in some cases, water scarcity are all 43 

factors that have pushed for more stringent effluent treatment and reuse (Prado et al., 2020). 44 

Petroleum refinery and petrochemical plants (PRPPs) are a collection of industries that are involved in the 45 

manufacture of fuels, lubricants and petrochemicals, as well as their intermediates and derivatives. As a result 46 

of global economic development and population growth, there is a significant increase in the demand for 47 

petrochemical goods (Jain et al., 2020). PRPPs consume a large amount of water in their various operations, 48 

such as cracking and distillation, and generate considerable volumes of wastewater (Hansen et al., 2018). 49 

PRPPs generate around 0.4 to 1.6 times the amount of crude oil produced (Coelho et al., 2006). 50 

According to the IEA’s reference scenario (which incorporates currently announced policies), by 2026 global 51 

oil consumption could increase to 104.1 mb/d, a 4% rise in the level prior to the Covid-19 pandemic (annual 52 

global oil demand are expected to exceed 2019 levels in 2023) (International Energy Agency, 2021). This 53 

consumption requires approximately 6,770 million liters of PRPP wastewater to be generated per day. 54 

Scientists are concerned about the safety of the environment as a result of this surge in demand for PRPP 55 

goods. The reuse of water, then, in this area can give economic and environmental benefits. 56 

The wastewater from petroleum refineries (PRW) contains a high concentration of aliphatic and aromatic 57 

hydrocarbons, which can cause significant contamination on the surface of soils and rivers (Sun et al., 2008). 58 

The United States Environmental Protection Agency (USEPA) has stated that phenolic derivatives are 59 

priority contaminants in water because of their extreme toxicity, stability, low biodegradability, and ability 60 

to persist in the environment for extended periods of time and harm the ecosystem. These hazardous 61 

contaminants are frequently present in industrial wastewater and can also cause a variety of operational 62 

problems: for example, corrosion of tubular equipment, scaling on the surface of heat exchangers, and 63 

environmental harm if the effluent is not properly treated before disposal. According to the United States 64 

Environmental Protection Agency (USEPA) and the World Health Organization (WHO), petroleum refinery 65 

wastewater (PRW) must be sufficiently treated to meet current regulatory requirements (Ghalehkhondabi et 66 

al., 2021). 67 

PRW is extremely complex (Iqbal et al., 2017) and a variety of methods and technologies have been used to 68 

remove pollutants: , e.g., coagulation-flocculation and flotation (Santo et al., 2012) (Singh & Kumar, 2020), 69 

precipitation (Fu & Wang, 2011), adsorption (Dalanta et al., 2021) (Ulhaq et al., 2021), membrane filtration 70 

(Lebron et al., 2021), oxidation (Oller et al., 2011), bio-electrochemical oxidation and reduction 71 
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(Mohanakrishna et al., 2018), integrated treatment processes (Al-Mur et al., 2021), and bioremediation (Patel 72 

& Patel, 2020) (Ebrahimi et al., 2016). 73 

All of these approaches, however, have significant drawbacks: due to the presence of hazardous aromatic and 74 

aliphatic hydrocarbons, as well as phenolic and refractory chemicals, biological processes alone are incapable 75 

of meeting reuse and discharge quality requirements (Vendramel et al., 2015) (Prado et al., 2020). 76 

Biodegradation takes longer to complete and is incompatible with most contaminants in the PRW (Molaei et 77 

al., 2022). Conventional methods such as adsorption, membrane filtration, and reverse osmosis transfer the 78 

pollutant from one medium to another, and the adsorbent’s reusability is not guaranteed due to active site 79 

saturation (Ani et al., 2018). 80 

In order to comply with increasingly stringent discharge criteria, effective advanced treatment procedures are 81 

required (Chen et al., 2017). Advanced oxidation processes (AOPs) produce radical entities, most notably 82 

hydroxyl radicals (HO•), which are the most powerful oxidizing species that can be used to treat water and 83 

industrial effluents (Domingues et al., 2022). HO• is the second most reactive species after the fluorine atom; 84 

it attacks most organic pollutant molecules at a rate of 106–109 M-1 s-1, which is 106–1012 times faster than 85 

ozone (Cheng et al., 2016), reacts with -C-C- double bonds and attacks aromatic rings, major components of 86 

refractory compounds (Gogate & Pandit, 2004). These processes can be used either as an oxidative 87 

pretreatment leading to readily biodegradable compounds or as a tertiary treatment for the elimination or 88 

complete mineralization of residual pollutants in CO2, water, and inorganic salts (Gallard & Laat, 2000). 89 

In this regard, the Fenton process, which decomposes hydrogen peroxide by redox reactions with iron (Eq.1) 90 

to generate hydroxyl radicals in solution (homogeneous processes) or at the interface with insoluble iron 91 

catalysts (heterogeneous processes), is considered to be one of the most effective advanced processes for 92 

treating oil refinery wastewater and reducing its pollutant content, odor and/or color (Tony et al., 2014): 93 

𝐹𝑒2+ + 𝐻2𝑂2
𝑘1
→ 𝐹𝑒3+ +𝐻𝑂• + 𝑂𝐻−        𝑘1 = 53 − 76 𝑀

−1 𝑠−1           (Malato et al., 2009)                   (1) 94 

The principal Fenton oxidant (HO•) can be eliminated by an excess of iron (Eq.2) or hydrogen peroxide 95 

(Eq.3), which can reduce the efficiency of the homogeneous process. This means that the H2O2/Fe2+ ratio 96 

must be carefully chosen to prevent the oxidation effect (Domingues et al., 2018).  97 

𝐹𝑒3+ + 𝐻2𝑂2
𝑘2
→ 𝐹𝑒2+ +𝐻𝑂𝑂• + 𝐻+        𝑘2 = 1 − 2 × 10

−2 𝑀−1 𝑠−1  (Malato et al., 2009)                 (2) 98 

𝐻𝑂• + 𝐻2𝑂2
𝑘3
→𝐻𝑂𝑂• +𝐻2𝑂                     𝑘3 = 3.3 × 10

7 𝑀−1 𝑠−1        (Karthikeyan et al., 2012)         (3) 99 

One of the advantages of this homogeneous process is that it does not require solid catalysts to be separated 100 

and reused. However, it does have several inherent drawbacks that restrict its widespread application. For 101 

instance, a strict pH range (acidic pH), high H2O2 consumption, and the accumulation of ferric sludge reduce 102 

the oxidation efficiency (N. Wang et al., 2015). Researchers have focused a great deal on enhancing the 103 
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Fenton process to overcome these drawbacks. Solid iron-based catalysts have been used to replace the 104 

homogeneous Fe2+ (Pourehie & Saien, 2020).  105 

Once compared to iron-based catalysts, copper-based catalysts behave like Fenton-like catalysts even though 106 

hydroxyl radicals can be generated by the reaction, as shown by the following equation: 107 

𝐶𝑢+ + 𝐻2𝑂2
𝑘4
→ 𝐶𝑢2+ + 𝐻𝑂• + 𝑂𝐻−         𝑘4 = 1.0 ×  10

4 𝑀−1 𝑠−1       (Qiao et al., 2012)                     (4) 108 

𝐶𝑢2+ + 𝐻2𝑂2
𝑘5
→ 𝐶𝑢+ + 𝐻𝑂𝑂• + 𝐻+         𝑘5 = 4.6 ×  10

2 𝑀−1 𝑠−1       (Qiao et al., 2012)                     (5) 109 

They exhibit higher leaching resistance, a better catalytic performance, and a wider range of pH operations 110 

than iron-based catalysts (Nichela et al., 2013).  111 

In addition to reacting with the target substrates (S) (Eq.6), extremely reactive hydroxyl radicals may also 112 

react with the oxidant itself (Eq.3). 113 

𝐻𝑂• + 𝑆
𝑘6
→ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠                                                                                                                                    (6) 114 

In the last decade, there has been considerable interest in developing heterogeneous copper-based catalysts, 115 

particularly LDH compounds.  116 

Layered double hydroxide compounds (LDH) are an interesting class of materials because of their anion 117 

exchange properties (Zhang et al., 2019) (Johnston et al., 2021), adsorption capacities  (Kefif et al., 2019) 118 

(Bouteiba et al., 2020) (Bouteraa et al., 2020), catalytic and photocatalytic uses (Oladipo et al., 2019) 119 

(Oladipo, 2021) (Azalok et al., 2021) pharmaceutical applications (Nava-Andrade et al., 2021) (Bini et al., 120 

2019), and usefulness in wastewater treatments (Rezak et al., 2021) (Guo et al., 2021). 121 

Consisting of metal hydroxide layers with anions in the inter-layer space (see Fig.1), LDH are structurally 122 

similar to the mineral brucite [Mg(OH)2] in which a fraction of MII ions are replaced by MIII ions (Mallakpour 123 

& Khadem, 2017). They can be represented by the general formula:[𝑀1−𝑥
𝐼𝐼 𝑀𝑥

𝐼𝐼𝐼(𝑂𝐻)2]
𝑥+[𝐴𝑛−]𝑥/𝑛. 𝑧𝐻2𝑂,  in 124 

which MII and MIII cations disperse in an ordered and uniform manner in brucite-like layers, x is the 125 

MIII/(MII+MIII) molar ratio (0.20 ≤ x ≤ 0.40), and An− is a compensation anion of charge (n-) that leads to the 126 

electro-neutrality of such LDH as Cl-, NO3
-, SO4

2- and CO3
2- (Liu et al., 2019) (Kameda et al., 2021), metal 127 

complexes (Behbahani et al., 2021), surfactants (Wu et al., 2021) or other ligands (Y. Yang et al., 2019). 128 

Many divalent metals (Zn2+, Ni2+, Cu2+, Co2+, Fe2+, Ca2+, etc.) (Das & Parida, 2021) and trivalent metals 129 

(Cr3+, Fe3+, Co3+, Mn3+, V3+, etc.) (X. Wang et al., 2017) can be combined to form LDH layers. One exception 130 

is Cu2+, which in spite of a suitable ionic ray can form pure LDH accompanied by another divalent cation 131 

MII such as Mg2+, Co2+, Zn2+, Fe2+ or Ni2+ (Cavani et al., 1991). In this case, the ratio Cu2+/MII must be lower 132 

than or equal to 1.0. This Cu2+ behavior comes from the “Jahn Teller” effect: the ions d9 electronic 133 

configuration leads to the formation of deformed octahedral sites (Hao Wang et al., 2018). As long as the 134 

Cu2+/MII ratio is lower than or equal to 1.0, the Cu2+ ions are inserted in the non-deformed octahedral position 135 

in the brucite-type layers. When the ratio is greater than 1.0, some of the Cu2+ ions may be located in nearby 136 
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octahedra, and the formation of copper hydroxides with distorted octahedra is energetically preferred to that 137 

of the LDH structure (Cavani et al., 1991). 138 

 139 
Fig. 1. (a) Schematic representation of the LDH structure; (b) Detailed schematic diagram of several 140 

physisorbed water molecules inside layers. Bonds illustrated as discontinuous squiggles attempt to 141 

convey the hydrogen bond interaction (Valente et al., 2012)   142 

In a previous study (de Melo Costa-Serge et al., 2021), the catalytic activity of LDH containing magnesium, 143 

iron, and copper was evaluated in a heterogeneous Fenton process for the degradation of the antibiotic 144 

sulfathiazole. It was discovered that the addition of copper to the lamellar structure increased the material’s 145 

specific surface area and degradation kinetics, allowing the antibiotic to be completely removed. This finding 146 

established the potential for copper-modified MgFe-CO3 to be used as a catalyst to degrade developing 147 

pollutants, because it was straightforward to produce and extremely efficient in the Fenton process. 148 

In other research, a series of ternary LDH based on CuNiFe (Hao Wang et al., 2018) and CuNiSn (Hao Wang 149 

et al., 2020) were synthesized as catalysts to degrade phenol via the Fenton reaction. The catalytic activity 150 

depends directly on the percentage of Cu+, and activity is maximum at a Cu/Ni/Fe ratio of 0.5/2.5/1 and a 151 

Cu/Ni/Sn ratio of 1/2/0.75, which can mineralize 98.9% and 97% of phenol under mild conditions. 152 

Building on previous work, this study aims to explore the effect of NiCuAl-LDH based catalysts on the Cu 153 

content when treating SPRW. It is hoped that these catalysts will improve the degradation of recalcitrant 154 

organic compounds and be viable alternatives to the conventional treatments used at present with these 155 

effluents. 156 
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 157 

2. Experimental 158 

2.1. Preparation of catalysts  159 

2.1.1. Materials  160 

Nickel(II) chloride hexahydrate NiCl2.6H2O (Sigma-Aldrich, 99.9%), copper(II) chloride dihydrate 161 

CuCl2.2H2O (Sigma-Aldrich, 99.9%), aluminum(III) chloride hexahydrate AlCl3.6H2O (Sigma-Aldrich, 162 

99%), and sodium carbonate Na2CO3 (Biochem, 99.8%) were used to prepare the catalysts. Sodium 163 

hydroxide (Biochem, 97%) solution was used to adjust the pH. 164 

2.1.2. Preparation of Ni(2-x)Cu(x)Al-LDH  165 

To 200 mL of a solution of NiCl2.6H2O, CuCl2.2H2O and AlCl3.6H2O, a mixture of a solution containing 166 

NaOH (1M) and Na2CO3 (1M) dissolved in distilled water was added dropwise at a constant rate (0.4 mL 167 

min-1), under vigorous stirring for 3 h at room temperature. In all the cases studied, the molar ratio R between 168 

the bivalent and trivalent cations remained constant at 2.0 (MII = 0.50 M and MIII = 0.25 M), and the nickel-169 

substitution by copper changed from x:0.0 to x:2.0, although the nomenclature Ni(2-x)Cu(x)Al-LDH remained 170 

the same throughout. All syntheses were performed at pH 10.0 ± 0.2. To facilitate the crystallization of the 171 

precipitates, the contents were kept in a sealed vial at 70°C for 18 hours. The precipitates were then washed 172 

several times with distilled water to remove the chloride and sodium ions. Once the products had been 173 

purified, they were dried at 80°C for 20 hours and then ground to a homogeneous powder.  174 

The synthesis protocol is represented by the flowchart in Fig.S-1 (Supplementary material). 175 

2.2.Characterization techniques  176 

The prepared catalysts were characterized by PXRD, FT-IR, TGA, ICP-OES, ESEM-EDS, and N2 177 

physisorption. 178 

Powder X-Ray Diffraction (PXRD) measurements were performed using a Siemens D-500 diffractometer 179 

(Bragg-Brentano Parafocusing geometry and vertical - goniometer) equipped with a curved graphite 180 

diffracted-beam monochromator, incident and diffracted-beam Soller slits, a 0.06° receiving slit, and a 181 

scintillation counter as a detector. The range of angular 2 diffraction was between 5 and 70 degrees. The data 182 

were collected with an angular step of 0.05° and a sample rotation time of 3s per step. Cuk radiation was 183 

generated using a copper X-ray tube operating at a voltage of 40 kV and a current of 30 mA. The average 184 

crystallite sizes in the c direction (the stacking direction, perpendicular to the layers) of the LDH samples 185 

was estimated from the full width at half maximum (FWHM) values of the (0 0 3) and (0 0 6) diffraction 186 

peaks by means of the Scherrer equation and calculated using the X'pert HighScore Plus analysis software 187 

and the crystallinity index (CI) of the catalysts was measured by the PXRD technique. After subtracting the 188 

diffractogram of the amorphous phase from the whole diffractogram of the sample, the CI was calculated by 189 
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dividing the remaining area of the diffractogram of the crystalline phase by the total area of the original 190 

diffractogram (Park et al., 2010).  191 

The infrared spectra (FT-IR) were acquired using KBr sampling on a Perkin-Elmer FT1730 spectrometer in 192 

the 4000-400 cm-1 range with 10 cm-1 resolution. 193 

TGA was carried out using a SENSYS EVO TG-DSC (S60/58129, Setaram Instrumentation) in the presence 194 

of flowing Ar or synthetic air at a flow rate of 30 sccm. After a conditioning step of 300 seconds at 303 K, 195 

the crucible was heated to 1073 K at a rate of 10 K/min. After maintaining this temperature for 300 seconds, 196 

the chamber was allowed to cool for 1540 seconds. To determine the gas composition, the instrument outlet 197 

was connected to a mass spectrometer (MS, HiCube pumping station and PrismaPlus QMG220, Pfeiffer 198 

Vacuum). 199 

ICP-OES analyses were carried out on aqueous samples of the catalysts following microwave digestion in a 200 

Milestone Ethos Easy digester. The analysis was performed using a 160 CCD spectrometer (Spectro Arcos). 201 

ESEM analyses were conducted using a Quanta 600 Environmental Scanning Electron Microscope (FEI 202 

Company). EDS analyses were conducted with the aid of an Oxford Instruments EDS detector. The analyses 203 

were conducted in high vacuum mode with an accelerating voltage of 20 kV and a working distance of 10 204 

mm. Micrographs were taken on gold-coated samples using a Q150R ES sputter coater (Quorum 205 

Technologies). The gold layer deposited was approximately 15 nm thick. 206 

The BET surface areas, nitrogen adsorption-desorption, and pore size  distributions of all catalysts were 207 

determined using the Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, 208 

respectively, via N2 physisorption analysis using QuandraSorb SI Models 4.0 with the QuandraWin Software 209 

(quantachrome Instruments, v. 5.0 + newer) instrument at 77 K. Prior to measurement, each sample was 210 

outgassed at 373 K for 6 hours in the instrument pre-chamber (FloVac Degasser, Quantachrome Instruments) 211 

under vacuum (6 mTorr) to remove adsorbed species. 212 

To determine the adsorption properties of our materials, the point of zero charge (pHPZC) was determined 213 

using the salt addition method at room temperature as described by (Mak Yu et al., 2019): 1) an NaCl solution 214 

0.01M was prepared; 2) 50 mL solutions were prepared with pH values between 2 and 12, which were 215 

adjusted by adding HCl (1M) or NaOH (1M); 3) 50 mg of each catalyst was placed in a solution and stirred 216 

for 24 hours; 4) after decantation,  the final pH of the solution was measured and the curves drawn: pHf = 217 

f(pHi) and (pHf-pHi) = f(pHi); pHi and pHf represent the initial and final pH of the solution, respectively. 218 

2.3.Catalytic activity 219 

2.3.1. Materials  220 

The Fenton-like process was used to investigate the removal efficiency of aromatic and aliphatic 221 

hydrocarbons that are frequently detected in refinery wastewater. The composition of the synthetic petroleum 222 

wastewater (SPRW) was determined using data from prior research on real petroleum wastewater (RPRW) 223 
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(Aoudjit et al., 2018) (Demir-Duz et al., 2019) (Li et al., 2021). 224 

 225 

Phenol (Sigma-Aldrich, 99-100%), naphthalene (Acros Orgnaic, 99%), toluene (Sigma-Aldrich, 99.5%), o-226 

cresol (Sigma-Aldrich, 99%), xylenes (Panreac, 98%), nonane (Sigma-Aldrich, 99%) and hexadecane 227 

(Sigma-Aldrich, 99%) were used to prepare SPRW as the organic representatives of RPRW (Demir-Duz et 228 

al., 2019). Ammonium chloride, sodium chloride (Fulka, 99.5%) and sodium bicarbonate (Sigma-Aldrich, 229 

99.9%) were used as inorganic representatives of RPRW (Demir-Duz et al., 2019). To emulsify nonane, 230 

hexadecane, and naphthalene, which are nearly insoluble in water, TrironTM X-100 (Sigma-Aldrich) was used 231 

as a surfactant. Sodium hydroxide and sulfuric acid solution were used to adjust the pH. H2O2 (Acros Organic, 232 

35 wt%) and sodium sulfite solution (Sigma-Aldrich, 40%) were used in Fenton-like experiments, 233 

dichloromethane (DCM, Sigma-Aldrich, 99.5%), acetonitrile (ACN, Reidel-de Haen, 99.9%) and phosphoric 234 

acid (Sigma-Aldrich, 85%) were used for analytical procedures. 235 

2.3.2. Preparation of SPRW and water properties 236 

To 5 mg of Triton X-100 and 900 mL of distilled water, the salts (ammonium chloride, sodium chloride and 237 

sodium bicarbonate) and insoluble components (nonane, hexadecane and naphthalene) were added in the 238 

required amounts (Table 1), and the solution was followed by the emulsification step with a homogenizer at 239 

7000 rpm for 30 min. Then, the soluble organic components (phenol, toluene, cresol, and xylenes) were 240 

added to the required amounts of the mixture under continuous magnetic stirring at 450 rpm. Finally, the 241 

solution was made up to 1000 mL with distilled water and stirred for another 30 min. The salts were added 242 

before emulsification because they decrease the interfacial tension between the oil and the surfactant solution 243 

(Ferdous et al., 2012).  244 

The composition and characterization of SPRW is given in Table 1.  245 

Table 1. Composition and characterization of SPRW 246 

Compounds Formulas 
Concentration 

(mg L-1) 

COD 

(mg L-1) 

TOC 

(mg L-1) 

Toluene C6H5-CH3 10 31.26 9.12 

Nonane C9H20 10 34.95 8.42 

Phenol C6H6O 10 23.80 7.65 

o-Cresol C7H8O 20 50.31 15.54 

Xylene C6H4(CH3)2 10 31.65 9.04 

Naphthalene C10H8 10 29.96 9.36 

Hexadecane C16H34 10 34.62 8.48 

Ammonium 

Chloride 

NH4Cl 70 - - 
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Sodium chloride NaCl 247 - - 

Sodium bicarbonate NaHCO3 160 - - 

TOTAL - 397 236.54 67.61 

pH 8.0 

 247 

2.3.3. Treatment procedures 248 

Heterogenous Fenton-like process experiments were performed with 300 mL solution in a glass flask 249 

equipped with a reflux condenser. Hydrogen peroxide (35 wt%) was added to the SPRW solution containing 250 

the catalyst under magnetic stirring. The mixture was maintained at the desired reaction temperature. Fenton-251 

like experiments were performed for 90 min. 252 

Various factors influencing the Fenton-like process were studied, such as the amount of catalyst, the 253 

H2O2/COD ratio, the temperature of the reaction medium, and the solution pH. The H2O2/COD ratio (w/w) 254 

was varied between 1 and 10, the catalyst concentration was varied between 0.1 and 1.0 g L-1, and the 255 

temperature of the reaction medium was adjusted between 30 and 70°C. Before the experiments, the pH of 256 

the wastewater was adjusted to around pHPZC in order to attain electrical neutrality on the catalyst surface, 257 

except for the experiments in which the pH was varied between 5 and 9. The catalysts were added in the 258 

required quantity. The reaction was then started by adding H2O2 while stirring continuously. At specified 259 

intervals throughout the reaction, samples were taken to be examined and monitored using semi-quantitative 260 

H2O2 strips to detect the remaining concentration of H2O2 in the samples. If H2O2 was detected in the samples, 261 

sodium bisulfite was used to quench the reaction. According to analytical methods, samples collected during 262 

the studies were centrifuged for 10 minutes at 5000 rpm.  263 

All experiments were duplicated. 264 

2.3.4. Sample analysis 265 

Total organic carbon (TOC) measurements with a Shimadzu TOC-L analyzer were used to determine the 266 

degree of mineralization during the studies. The following equation was used to determine the proportion of 267 

TOC removed: 268 

𝑇𝑂𝐶 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑇𝑂𝐶 − 𝑓𝑖𝑛𝑎𝑙 𝑇𝑂𝐶

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑇𝑂𝐶
× 100 269 

Chemical oxygen demand (COD) was measured using the colorimetric method and the AQUALYTIC® Tube 270 

Tests COD Vario. 271 

The samples were analysed using HPLC in combination with a diode array detector (DAD) and GC-MS, 272 

which provided qualitative and quantitative results. The extraction and analysis procedures are given in the 273 

Supplementary material. 274 

 275 
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 276 

 277 

3. Results and discussion 278 

3.1.Ni(2-x)Cu(x)Al-LDH catalyst characterization 279 

3.1.1. PXRD  280 

Assuming a 3R layer assembly, the powder XRD patterns of the catalysts (Fig.2) are quite comparable to 281 

those commonly described in the literature for hydrotalcite materials intercalated with carbonate anions (PDF 282 

N°00-054-1030) (Barbosa et al., 2005) (Zhou et al., 2011a). The peaks at low angles, 2θ=11°, 23° and 35°, 283 

(dhkl=7.60, 3.79 and 2.57Å, respectively) are attributed to the diffraction of the basal planes (0 0 3), (0 0 6) 284 

and (0 1 2). The base peaks get sharper and more intense as the copper concentration increases (from sample 285 

x:0.0 to sample x:2.0), suggesting that the solids become more crystalline as the copper content increases. 286 

The (0 0 3) plane is typical of consecutive layer stacking along the c axis. Mesh parameter c is calculated by 287 

adding the thickness of the brucite layer (4.8 Å) and the thickness of the inter-lamellar space (about 2.82 Å 288 

for carbonate anions): i.e. the value of the inter-planar distance between the (0 0 3) planes. The latter is 289 

computed using the position of the first basal peak (0 0 3) in accordance with c=3.d003. The results are 290 

provided in Table 2. 291 

The initial peak of the doublet, about 2=60°, is caused by the diffraction of plane (1 1 0), which is independent 292 

of the type of layers stacked and is used to determine cell parameter a (Cavani et al., 1991). The spacing 293 

between adjacent cations within a brucite-like layer is given by lattice parameter a, which is defined as 294 

a=2.d110. A change in the cation results in an alteration of the a parameter (Å). Table 2 contains the values 295 

for the cell parameters of the samples. 296 

Additionally, cell parameter c can be related to the columbic forces between the layers and the intercalated 297 

anion. There is no variation in the c values of the catalysts in this study, and the median value of d003 is 7.61 298 

Å (C. Yang et al., 2016). The doublet size of nearly 2θ=60° increases from sample x:0.0 to x:2.0, and the two 299 

peaks are rather broad for sample x:0.0. Surprisingly, Ni2+ (0.72Å) has a higher ionic radius than Cu2+ 300 

(0.69Å). This phenomenon can be explained in part by the Jahn-Teller effect, which states that Cu2+ ions 301 

cause the formation of octahedral deformed hydroxyl groups, which involves an increase in the a parameter. 302 

The same phenomenon was observed when the ionic radius of the metal substituted in the Mg1.95M0.05/Al1 303 

(M: Ca, Sr, Ba) was increased (Valeikiene et al., 2020).  304 
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 305 

Fig.2. Powder X-Ray Diffraction (PXRD) patterns of Ni(2-x)Cu(x)Al-LDH with x:0.0; 0.5; 1.0; 1.5 306 

and 2.0 catalysts 307 

H: Hydrotalcite (00-054-1030), M: Malachite (00-001-0959) and G: Gibbsite (01-074-1775) 308 

New lines appeared around 2θ=32°, 36°, and 53° that are characteristic of Cu2(OH)2(CO3)-type malachite 309 

phases, and other lines appeared around 2θ=38° and 44° that are characteristic of Al(OH)3-type gibbsite 310 

phases in samples x:1.5 and x:2.0. Consequently, a phase mixture exists for this material, which reduces its 311 

degree of purity. Britto (Britto & Vishnu Kamath, 2009) and Keffif (Kefif et al., 2019) came to the same 312 

conclusion.  313 

A statistically significant increase in crystallite size (Table 3) was obtained with the increase in copper; and 314 

according to the X-ray diffraction analysis, the x:2.0 diffractogram shows better crystallization with a more 315 

intense characteristic peak (003), reflecting larger crystallite sizes with a crystallinity index of 99.36%, but 316 

with the presence of phases other than the LDH phase, such as malachite and gibbsite. 317 

3.1.2. FT-IR 318 

All of the bands observed in the FT-IR spectrum (Fig.3) were similar to those observed in a hydrotalcite-like 319 

phase with carbonate anions CO3
2- as the inter-lamellar anion (C. Yang et al., 2016). Thus, the active 320 

absorption band in the range 3331-3400 cm-1 was attributed to the valence vibrations (stretching) of the -OH 321 

groups in the brucite layer and water molecules in the inter-lamellate space that are connected to carbonates 322 

via hydrogen bonds. The vOH band unfolds as a result of the appearance of a disordered structure. As the 323 

copper concentration increases, the band becomes sharper and shifts to higher wavenumbers, indicating that 324 
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the hydrogen bonding interaction between the laminae and the carbonate/water interlayer molecules 325 

increases. 326 

A band at approximately 1640 cm-1 corresponds to the H-O-H bending vibration of water molecules in the 327 

inter-lamellate space (angular deformation) (Frost et al., 2003). This band shifts slightly to higher 328 

wavenumbers as the Cu content decreases. 329 

  330 

Fig.3. FT-IR spectra of Ni(2-x)Cu(x)Al-LDH with x:0.0; x:0.5; x:1.0; x:1.5 and 2.0 catalysts 331 

The absorption band corresponding to the antisymmetric vibration mode of the carbonate anions in the 332 

interlamellar layers is located at 1369-1390 cm-1 (López et al., 1997). As the Cu content increases, this band 333 

shifts slightly to higher wavenumbers. The band was observed in all samples, indicating that the carbonate 334 

acts as a charge-balancing anion in the interlayer. Increased copper in the LDH phases decreases this band 335 

as the LDH phase decreases (results confirmed by PXRD). These band position changes are most likely 336 

caused by the Jahn-Teller distortion of the Cu(OH)6 octahedra, which results in elongation along the c-axis 337 

(Å), facilitating hydrogen bonding with the interlamellar layer carbonate anion. Other carbonate anion 338 

vibrational modes (out-of-plane bending) appear between 880 and 800 cm-1, and their intensity increases as 339 

the concentration of copper decreases, which is consistent with the PXRD results. 340 

The bands below 600 cm-1 are attributed to the vibrational modes of the M-O (M: Al, Ni, Cu) metal-oxygen 341 

(Kloprogge & Frost, 1999) and M-OH metal-hydroxyl groups in the LDH lattice (Hui Wang et al., 2009), 342 

but a strict band assignment is difficult due to the complex band profile and band overlap when more than 343 

one metal is present (Palacio et al., 2010).  344 
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 345 

3.1.3. TGA 346 

The thermogravimetric analysis (TGA), which shows how the mass of a sample varies with the temperature, 347 

is very useful for following the evolution of the composition. Generally, the thermal stability of LDH 348 

materials depends on such factors as the nature of cations, cationic compositions, the nature of inter-lamellar 349 

anions, the crystallinity of materials, etc. (Hui Wang et al., 2009). 350 

 351 

Fig. 4. TGA curves of Ni(2-x)Cu(x)Al-LDH with x:0.0; x:0.5; x:1.0; x:1.5 and 2.0 catalysts 352 

The multi-step mass loss of type 4 according to the shape-based TG curve classification (Loganathan et al., 353 

2017) was observed by examining the thermograms in Fig.4 of our Ni(2-x)Cu(x)Al-LDH catalysts with x:0.0; 354 

x:0.5; x:1.0; x:1.5 and 2.0. They revealed that our materials had undergone a multi-step decomposition 355 

process, as has often been reported in the literature (Cavani et al., 1991) (De Souza et al., 2012). 356 

The hypotheses put forward to explain these losses, especially the most important ones, can be summarized 357 

as follows: 1) loss of physisorbed water between 60 and 200°C, 2) departure of structural water molecules 358 

between 200 and 350°C, 3) departure of a large portion of the carbonates, above 350°C, resulting in the 359 

destruction of the lamellar phase and the formation of oxides. Table S-1 (supplementary material) shows the 360 

total mass loss for each temperature range, as well as the total mass loss of our catalysts over a temperature 361 

range up to 500°C. 362 
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The results given in Table S-1 show a considerable decrease in mass loss between room temperature and 363 

200°C when going from catalyst x:0.0 to catalyst x:2.0. This decrease was influenced by the mesh parameter, 364 

which increases from x:0.0 to x.2.0 (Table 3), and thus by the decrease in the charge density of the lamellae. 365 

3.1.4. Elemental analysis  366 

The characteristics of catalyst such as the chemical percentages of the elements in our samples, their empirical 367 

formulas, and the real molar ratios M2+/Al3+ and Ni2+/Cu2+ are recapped in Table 2. 368 

Table 2. Elementary analysis of Ni(2-x)Cu(x)Al-LDH catalysts with x ranging from 0.0 to 2.0 by ICP-OES and 369 

TGA 370 

Catalysts 
Compositions (mg L-1) a  

Total mass 

loss 
Empirical formulas b  M2+/Al3+ Ni2+/Cu2+ 

Ni Cu Al (%)  (mol/mol) 

x:0.0 39.102 - 08.069 37.00 Ni0.666Cu0.000Al0.299(OH)2(CO3)0.156.

0.1000H2O  

2.22 ∞ 

x:0.5 31.130 10.484 08.510 36.50 Ni0.530Cu0.165Al0.315(OH)2(CO3)0.156.

0.0656H2O  

 2.20 3.21 

x:1.0 19.883 20.501 07.988 36.00 Ni0.339Cu0.323Al0.296(OH)2(CO3)0.155.

0.0633H2O  

 2.23 1.05 

x:1.5 09.682 32.179 08.249 33.00 Ni0.165Cu0.506Al0.306(OH)2(CO3)0.156.

0.0583H2O 

 2.19 0.33 

x:2.0 - 40.063 07.462 31.00 Ni0.000Cu0.630Al0.276(OH)2(CO3)0.152.

0.0385H2O 

 2.28 0.00 

a Determined by ICP-OES 371 

b Chemical formulas derived from ICP-OES and TGA results 372 

The results obtained by ICP-OES in Table 2 show that the experimental molar ratio M2+/Al3+ is very similar 373 

to the theoretical value of 2.0. In addition, and as far as the samples containing copper are concerned, the 374 

theoretical and calculated ratios are almost the same when Cu2+ substitution occurs. This means that the 375 

working conditions and the pH value chosen for the five multi-components synthesized were well respected. 376 

The following notation Ni(2-x)Cu(x)Al-LDH with x varying from 0.0 to 2.0 for sample identification was used 377 

in this study. 378 

3.1.5. ESEM-EDS  379 

Fig. 5 shows a spectrum of EDS analysis obtained from the catalyst powder with x:0.0; 1.0 and 2.0.  380 
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 381 

Fig.5. EDS analysis spectra of Ni(2-x)Cu(x)Al-LDH catalysts (a) x:0.0; (b) x:1.0 and (c) x:2.0  382 

The EDS analysis of Ni(2-x)Cu(x)Al-LDH with catalysts x:0.0; 1.0, and 2.0 confirms that the material is 383 

composed of nickel, aluminum, copper, oxygen, and carbon (Figures 5-(a), (b), and (c)). These results attest 384 

to the formation of the hydrotalcite-type material and prove that the synthesized materials are pure, indicating 385 

that these materials are rigorously washed during synthesis, except for the material with x:0.0, which exhibits 386 

an unusual amount of chlorine. 387 
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 388 

Fig.6. (A) Scanning electron microscopy (SEM) for Ni(2-x)Cu(x)Al-LDH catalyst with x:1.0 and 389 

 (B) Energy-dispersion X-ray spectroscopy (EDS) in 1, 2 and 3 regions 390 

The elements were semi-quantified by EDS analysis with the quantitative ZAF method (Dunn, 1989), and 391 

three points were measured in all samples. The content of Ni, Cu and Al is displayed in image 6-(B) 392 

confirming the substitution of nickel by copper in LDH. 393 

As shown in Fig.7, the morphology of LDH was also influenced by the substitution of nickel with copper. 394 

Scanning electron microscopy images of Ni(2-x)Cu(x)Al-LDH for the x:0.0 catalyst shows the lowest level of 395 

crystallinity. This sample consists of a set of connected nanosheets, forming a sandy rose morphology, with 396 

the primary particle size being less than 20 nm and 100 nm in the smallest and largest dimensions, 397 

respectively. 398 

The mechanism observed for the direct nanosheet growth with particles size reduction can be allotted to the 399 

increase in the nickel substitution by copper, while passing from the image (a) to the image (e). Indeed, the 400 

material for x:2.0 presents well crystallized particles of uniform size. By comparing these images obtained 401 

by SEM with the diffractograms of various nickel substitutions in Fig.3, the best crystallinity of the material 402 

x:2.0 can then be confirmed. 403 
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404 

405 

 406 
 407 

Fig.7. Scanning electron microscopy (ESEM) for Ni(2-x)Cu(x)Al-LDH catalysts 408 

(a) x:0.0; (b) x:0.5; (c) x:1.0; (d) x:1.5 and (c) x:2.0  409 

(a) (b) 

(c) (d) 

(e) 
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3.1.6. N2 physisorption 410 

The N2 adsorption–desorption isotherm and corresponding pore size distribution curve for the Ni(2-x)Cu(x)Al-411 

LDH catalysts is shown in Fig.8. 412 

 413 

Fig. 8. (a) N2 adsorption-desorption isotherms curves and (b) pore size distributions calculated from 414 

the branch of as-synthesized Ni(2-x)Cu(x)Al-LDH catalysts  415 

All samples exhibit a characteristic H3-type hysteresis loop (P/P0 > 0.4), typical of materials with slit-shaped 416 

pores formed by platelet aggregation, resulting in a broad pore size distribution (Fig.8-(b)) (Sing & Williams, 417 

2004) (Bessaies et al., 2020). On the other hand, the N2 adsorption/desorption isotherms revealed that the 418 

specific surface area gradually decreased from 147.5 to 40.8 m2 g-1 and that the pore volume remained 419 

relatively constant at around 0.23–0.38 cm3 g-1 as the Cu content increased. According to the IUPAC 420 

classification, all catalysts exhibited a type II isotherm, which is defined by the absence of a relative pressure 421 

plateau (P/P0) near 1, indicating the presence of macropores. This pseudo-type II property is associated with 422 

the aggregate structure's non-rigidity.  423 

For all catalysts, a sharp, high peak appears with a maximum around 3.7 nm. This shows that the small 424 

mesopores are responsible for the porosity characteristics of these materials. The PSD curve for the x:0.0 425 

catalyst is wider and larger than the other catalysts. All pores are larger than 2 nm and no macropores larger 426 

than 50 nm were observed. Therefore, neither the micropores nor the uniformity of the pore structure is 427 

accentuated, except for the catalyst with x:2.0 which has a more uniform pore structure.  428 

Table 3 shows the surface area, pore volume, and pore diameter. 429 

3.1.7. pHpzc  430 

Fig. 9 depicts the pHPZC curve for the Ni(2-x)Cu(x)Al-LDH catalysts. Three domains were found: 1) the domain 431 

in which pH < pHPZC: pHf increases with increasing pHi; the surfaces of these LDH are positively charged 432 

due to the protonation process of the hydroxyl, so our sample becomes an anion adsorbent; 2) the domain in 433 
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which pH > pHPZC: pHf decreases with increasing pHi; the surface of these LDH are negatively charged due 434 

to the deprotonation process of the hydroxyl, so our sample becomes a cation adsorbent; 3) the intermediate 435 

domain: pHf remains constant with increasing pHi and the point of zero charge pHPZC is in this domain (Mak 436 

Yu et al., 2019). The pHPZC values are represented in Table 3. 437 

  438 

Fig.9. Plot of pHPZC for the Ni(2-x)Cu(x)Al-LDH catalysts (a) pHf-pHi versus initial pH, (b) pHf versus 439 

initial pH 440 

Table 3. Lattice parameters, textural properties and pHPZC of the catalysts 441 

Catalysts 

Surface 

area  

SBET 

(m² g-1) 

Pore 

volume Vp 

(cm3 g-1) 

Average 

pore size  

dp 

(nm) 

 

pHPZC 
Crystallite 

size 

(nm) a 

Crystallinity  

index  

(%) b 

Lattice parameter  

c (Å) c a (Å) d 

x:0.0 147.5 0.388 3.818 8.10 06.60 90.40 22.92525 3.02474 

x:0.5 96.6 0.359 3.816 8.00 09.65 92.90 22.86213 3.03504 

x:1.0 81.5 0.293 3.799 7.50 12.80 94.71 22.84266 3.04428 

x:1.5 49.5 0.278 3.788 7.20 26.60 94.78 22.78794 3.04914 

x:2.0 40.8 0.234 3.729 6.90 115.80 99.36 22.72608 3.06544 

a Average crystallite sizes in the c direction using the Scherrer equation (calculated using X’Pert HighScore Plus 442 

software). 443 
b Crystallinity index (%) calculated using OriginPro 2021 software. 444 
c c = 3d0 0 3.  445 
d a = 2d1 1 0. 446 

 447 

The relation between the pHPZC value and the molar ratio (Ni2+/Cu2+) in the LDH phase is particularly 448 

noteworthy. A decrease in the molar ratio leads to a structural expansion and, therefore, to an increase in 449 

mesh parameter a and the inter-lamellar distance (results already confirmed by PXRD). In turn, there is a 450 

decrease in the charge density of the lamellae, and a decrease of the pHPZC value, which has an influence on 451 

the adsorption yield. 452 
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 453 

3.2.Catalytic activity of the catalysts 454 

3.2.1. Preliminary tests 455 

Four preliminary tests of SPRW solution oxidation were carried out at 60°C: 456 

- An initial SPRW oxidation reaction was carried out without a catalyst or H2O2;  457 

- A second oxidation reaction was carried out in the absence of a catalyst and in the presence of 458 

hydrogen peroxide (H2O2);  459 

- A third oxidation reaction was carried out in the absence of H2O2 and in the presence of a catalyst; 460 

- A fourth oxidation reaction was carried out in the presence of hydrogen peroxide (H2O2) and the 461 

catalyst, . 462 

Samples were analyzed by HPLC (Fig.S-2 and Fig.S-3) (Supplementary material). In the first three cases 463 

(without catalyst or oxidant, without catalyst, and without oxidant, Fig.S-2), the HPLC chromatograms 464 

obtained are identical to that of the initial solution, with the same retention times of the compounds, and with 465 

some reduction in TOC with values (16.04%, 16.09% and 20.03%, respectively). This reduction is due to the 466 

disappearance of 25.9%, 31.7% and 34.2% of toluene, respectively. Thus, for the third case, it should be 467 

noted that the process combines heating and adsorption on the surface of the catalyst. It should also be pointed 468 

out that the first reading of the HPLC chromatograms for the fourth case (Fig.S-3) shows that the compounds 469 

have almost totally disappeared and that 49.2% of TOC is removed after 60 min and 65.2% after 90 min of 470 

reaction. This proves that the oxidation reaction requires the presence of both the oxidant H2O2 and the 471 

catalyst. 472 

GC-MS results (Fig.S-4) showed that all starting compounds remained stable in the first two tests (Fig.S-473 

46(b) and (c)) (Supplementary material), no additional products appeared, phenols and naphthalene were 474 

totally oxidised after 90 min of treatment (Fig.S-4-(d)) and some alkanes (nonane and hexadecane) were still 475 

present. 476 

According to the literature, aromatic organic compounds are degraded by LDH copper-based catalysts in the 477 

presence of hydrogen peroxide not because they are adsorbed by these catalysts but because a catalytically 478 

strong oxidant is produced, as has been demonstrated in several studies (Xie et al., 2021). It has been 479 

demonstrated that the  hydroxyl radical can be formed during the degradation of hydrogen peroxide in the 480 

presence of transition metals (M) using the Fenton reaction (Eq.7) (Eroi et al., 2021): 481 

𝑀𝑛+ + 𝐻2𝑂2
𝑘7
→𝑀𝑛+1 + 𝐻𝑂• +𝑂𝐻−                                                   (7) 482 

Copper-based layered double hydroxides have the ability to increase the reactivity of hydrogen peroxide by 483 

several orders of magnitude (Guo et al., 2020). In a heterogeneous medium, the pH of the medium has a 484 

significant impact on the process described above. 485 
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It is worth noting that these preliminary tests were carried out by fixing all the parameters: a H2O2/COD ratio 486 

equal to 5, the mass of the catalyst Ni(2-x)Cu(x)Al-LDH with x:1.0 equal to 1.0 g L-1, the pH of the initial 487 

solution equal to pHPZC and the temperature equal to 60°C. 488 

Considering these aspects, we present the results on how the parameters influence the oxidation of SPRW in 489 

the presence of the x:1.0 catalyst. This catalyst was chosen for its pure structure and its copper-rich 490 

composition. 491 

- influence of H2O2/COD ratio;  492 

- influence of catalyst amount in solution;  493 

- influence of reaction medium temperature; 494 

- influence of initial pH solution. 495 

3.2.2. Effect of parameters on SPRW degradation 496 

The effect of H2O2 dosage and the amount of Ni(2-x)Cu(x)Al-LDH catalyst with x:1.0 on degradation were 497 

investigated. Fig.10-(a) and (b) illustrate the results obtained with a fixed catalyst concentration of 0.4 g L-1 498 

and a variable H2O2/COD ratio, and a variable catalyst concentration and a fixed H2O2/COD ratio of 5, 499 

respectively. The importance of determining the optimal H2O2/COD ratio and amount of catalyst was clear, 500 

which is consistent with the findings of numerous studies on Fenton reactions. 501 

The H2O2 dosage used in the Fenton reaction is a critical parameter in the process. All experiments were 502 

performed with pH adjustment: pHPZC. No degradation is observed in the absence of H2O2, indicating that 503 

the adsorption of the compounds in these waters onto the catalyst is minimal. 504 

In the Fenton-like experiments, the rates of TOC removed increased as the H2O2/COD ratio increased from 505 

1 to 10; however, the increase in H2O2/COD was not evident at H2O2/COD ≥ 5 (Fig.10-(a)). A large excess 506 

of H2O2 may scavenge HO• to produce less active HO2
• radicals (Eq.3) (Xie et al., 2019). The HO2

• produced 507 

can react with aromatic compounds; however, its oxidation capacity is lower than that of HO•. 508 

HO•
2 consumes HO• (Eq.8) when the concentration of HO•

2 is excessive in the system (X. Wang et al., 2021). 509 

Thus, TOC removal decreases. Considering the oxidation ratio of aromatic compounds and economy, the 510 

H2O2/COD ratio of 5 was reasonable under our experimental conditions. 511 

𝐻𝑂2
• + 𝐻𝑂•

𝑘8
→𝐻2𝑂 + 𝑂2                   𝑘8 = 0.71 ×  10

10 𝑀−1 𝑠−1                                                              (8) 512 

On the other hand, increasing the catalyst dosage from 0.1 g L-1 to 0.4 g L-1 significantly increased TOC 513 

removal at an H2O2/COD: 5 ratio. In contrast, when using a higher catalyst dosage (i.e., greater than 0.4 g L-
514 

1), increasing the amount of catalyst used did not increase TOC removal (Fig.10-(b)). The same phenomenon 515 

was observed when phenol was catalytically oxidized with hydrogen peroxide on CuNiAl-CO3 (Zhou et al., 516 

2011b), which is probably explained by the fact that when the amount of catalyst was increased, the transfer 517 

resistance in the wastewater increased, hindering the contact between HO• and organic pollutants from 518 
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SPRW. In addition, the decomposition rate of H2O2 increased, revealing the increase in the generation rate 519 

of HO•. However, these generated radicals cannot spread into the solution smoothly because of the mass 520 

transfer resistance. Instead, they react with each other and generate H2O2 again (N. Wang et al., 2021). 521 

To achieve a mineralization greater than 60% in 90 min, less than 0.4 g L-1 of catalyst and an H2O2/COD 522 

ratio of 5 was required. 523 

Fig.10-(c) shows that TOC removal increases rapidly with temperature, reaching 7.2% and 65.9%, at 20°C 524 

and 70°C, respectively. Undoubtedly, higher temperatures (>70°C) would not be advisable considering the 525 

cost of the oxidation reaction and the accelerated decomposition of H2O2 at high temperatures according to 526 

equation (Eq.9). 527 

2𝐻2𝑂2 → 𝑂2 + 2𝐻2𝑂                                    528 

(ΔrH =  − 195,2 kJ/mol)                                                               529 

(9) 530 

 531 

 532 

 533 

https://fr.wikipedia.org/wiki/Enthalpie_de_r%C3%A9action
https://fr.wikipedia.org/wiki/Kilojoule
https://fr.wikipedia.org/wiki/Mole_(unit%C3%A9)
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Fig.10. TOC removal rates depending on time and (a) catalyst amount, (b) H2O2/COD ratio, (c) 534 

temperature, (d) initial solution pH  535 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH: 0.4 g L-1, T: 60°C, reaction time: 90 min, pH: pHPZC) 536 

The temperature at which SPRW is catalytically degraded by hydrogen peroxide is an important factor in the 537 

degradation process. Considering the main reactive oxidant HO• in the Fenton-like process, the rate of 538 

disappearance of total organic carbon TOC is given by equation 10 (Qiao et al., 2012):  539 

𝑑[𝑇𝑂𝐶]

𝑑𝑡
= −𝑘[𝑇𝑂𝐶]∝[𝐻𝑂•]𝛽                                                     (10) 540 

where [HO•], [TOC], α, and β represent the concentrations of hydroxyl radicals, total organic carbon, the 541 

order of the reaction relative to the concentration of TOC, and the order of the reaction relative to the 542 

concentration of HO•, respectively. 543 

The integral method and the differential method are the two fundamental strategies that we can use in the 544 

process of analyzing the data obtained from isothermal batch reactors. 545 

This investigation focuses on the integral method (Werner J. A. Dahm et al., 1996), which begins with the 546 

functional form of a rate equation. The rate equation can be provided or a functional form proposed, such as 547 

first or second order. The rate equation is then inserted into the equilibrium equation and the equilibrium 548 

equation is integrated. The final step is to determine whether the integrated equation "fits the data" and, if so, 549 

the values of the rate coefficients. By "fit the data," we mean that the rate equation can predict how the 550 

experimental data change as the reaction time or initial concentrations vary. 551 

For the equation proposed, let's first consider a first-order reaction for each reactant, where:  552 

(1) The order of the reaction with respect to TOC concentration, α, is assumed to be equal to 1. 553 

(2) The order of the reaction with respect to the concentration of HO•, β, is assumed to be equal to 1. 554 

(3) The thermal energy source is held constant throughout the reaction, 555 

Hypothesis (1) is widely accepted in both homogeneous and heterogeneous oxidation systems (Lam & Hu, 556 

2013). Since the amount of catalyst and the volume of the reactor are constant, equation 10 can be rewritten 557 

as equation 11: 558 

𝑑[𝑇𝑂𝐶]

𝑑𝑡
= −𝑘[𝑇𝑂𝐶]1[𝐻𝑂•]𝛽                                                            (11) 559 

There are three parts which influence the HO• concentration: (1) the reaction between H2O2 and surface Cu 560 

species (Cu+) leading to the formation of HO• (as described in equation 12); (2) the reaction between SPRW 561 

and HO• (as described in equation 13) and (3) the reaction between scavengers and HO• (as described in 562 

Equations 14-16). 563 

𝐶𝑢+ + 𝐻2𝑂2
𝑘12
→ 𝐶𝑢2+ + 𝑂𝐻− + 𝐻𝑂•             𝑘12 = 1 × 10

4 𝑀−1 𝑠−1       (Gallard et al., 2019)             (12)                                                     564 

𝑇𝑂𝐶 + 𝐻𝑂•
𝑘13
→ 𝐶𝑂2 + 𝐻2𝑂 + products          𝑘13 = 10

6 − 109 𝑀−1 𝑠−1    (Haag & David Yao, 1992)  (13) 565 
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𝐻2𝑂2 + 𝐻𝑂
•
𝑘14
→ 𝐻𝑂2

• + 𝐻2𝑂                         𝑘14 = 3.3 × 10
7 𝑀−1 𝑠−1     (Gallard et al., 2019)            (14) 566 

𝐻𝑂2
• + 𝐻𝑂•

𝑘15
→ 𝐻2𝑂 + 𝑂2                             𝑘15 = 6.6 × 10

9 𝑀−1 𝑠−1      (Qiao et al., 2012)                (15) 567 

𝐻𝑂• + 𝐻𝑂•
𝑘16
→ 𝐻2𝑂2                                      𝑘16 = 6 × 10

9 𝑀−1 𝑠−1         (Bokare & Choi, 2014)        (16) 568 

The decrease in HO• was due to the last three reactions (14, 15 and 16), so the concentration of HO• as a 569 

function of time can be described by equation 17: 570 

𝑑[𝐻𝑂•]

𝑑𝑡
= 𝑘12[𝐶𝑢

+][𝐻2𝑂2] − 𝑘13[𝑇𝑂𝐶][𝐻𝑂
•] − ∑ 𝑘𝑖[𝑆][𝐻𝑂

•]𝑖                                (17) 571 

where [S] represents the concentration of the scavengers in solution, and k12, k13 and ki represent the second-572 

order reaction rate constants. Since these reactions reach steady state, the concentration of HO• does not 573 

change with time, i.e.:  574 

𝑑[𝐻𝑂•]

𝑑𝑡
= 0                                                                     (18) 575 

Therefore, equation 20 can be obtained based on equations 17 and 18: 576 

[𝐻𝑂•] =
𝑘12[𝐶𝑢

+][𝐻2𝑂2]

𝑘13[𝑇𝑂𝐶]+∑ 𝑘𝑖[𝑆]𝑖
                                                            (19) 577 

Adding equation 19 to equation 11, and assuming β=1, we obtain the following equation: 578 

𝑑[𝑇𝑂𝐶]

𝑑𝑡
= −𝑘′[𝑇𝑂𝐶]

𝑘12[𝐶𝑢
+][𝐻2𝑂2]

𝑘13[𝑇𝑂𝐶]+∑ 𝑘𝑖[𝑆]𝑖
                                                    (20) 579 

In this study, the H2O2 dosage is set at 1182.7 ppm to remove 67.61 ppm TOC. This value is eight times the 580 

stoichiometric ratio described in equation 21 for total mineralization containing 67.61 ppm TOC. 581 

[𝑇𝑂𝐶] ≪ [𝐻2𝑂2]                                                               (21) 582 

As mentioned above, a large number of 𝐻𝑂• radicals were consumed by multiple scavenger species in the 583 

reaction process. Therefore, it can be concluded that 𝑘13[𝑇𝑂𝐶] is much smaller than ∑ 𝑘𝑖[𝑆]𝑖  and: 584 

𝑘13[𝑇𝑂𝐶] + ∑ 𝑘𝑖[𝑆]𝑖 ≈ ∑ 𝑘𝑖[𝑆]𝑖                                                  (22) 585 

Here, Equation 20 can be simplified as: 586 

𝑑[𝑇𝑂𝐶]

𝑑𝑡
= −𝑘𝑎𝑝𝑝[𝑇𝑂𝐶]                                                           (23) 587 

where kapp signifies the reaction's pseudo-first order rate constant in terms of TOC. 588 

The solution of 23 is: 589 

ln
[𝑇𝑂𝐶]𝑡

[𝑇𝑂𝐶]0
= −𝑘𝑎𝑝𝑝. 𝑡                                                              (24) 590 

The new constant kapp can be easily obtained from Eq.24 by plotting ln([TOC]t/[TOC]0) versus time, where 591 

kapp is the slope of the straight line.  592 

Additionally, by applying the Arrhenius equation (N. Wang et al., 2021) (Eq.25) to the kinetic data at various 593 

temperatures, the activation energy of the oxidation process can be determined.  594 

ln 𝑘𝑎𝑝𝑝 =
−𝐸𝑎

𝑅𝑇
+ ln𝐴                                                               (25) 595 
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where A is the frequency factor (min-1), Ea is the activation energy (kJ mol-1), R is the gas constant (8.314 J 596 

mol-1 K-1), and T is the temperature (K). 597 

By performing reactions at various temperatures (20, 30, 40, 50, 60, and 70 °C), the TOC disappearance 598 

concentration is measured as a function of reaction time, so that the corresponding values of 599 

ln([TOC]t/[TOC]0) can be determined (Fig.11). Lines represent the model fittings determined from equation 600 

24 using the same reaction temperatures. A linear relationship with R2 > 0.94 is obtained by comparing the 601 

experimental and fitted TOC concentrations, which shows that the assumption of α=1 in Eq.10 is correct. 602 

The slopes of straight lines can be used to calculate the values of kapp, which are summarized in Table S-2 603 

(Supplementary material). As the slope of the line (
−𝐸𝑎

𝑅
) in Fig.12 is equal to -5388.8, the activation energy 604 

(Ea) was calculated to be 44.803 kJ mol-1 during the disappearance of TOC.  605 

  606 

Fig.11. Disappearance rate of TOC in the SPRW degradation 607 

at different reaction temperatures using Ni(2-x)Cu(x)Al-LDH with x:1.0 608 
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  609 

Fig.12. Effect of the temperature on the rate constant  610 

in TOC removal 611 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH with x:1.0: 0.4 g L-1,  612 

reaction time: 90 min, pH: pHPZC) 613 

The leaching of metals from the active species and the adsorption properties on the surface of catalysts were 614 

also influenced by the initial pH value; for these reasons, the initial pH plays an important role in the Fenton 615 

reaction and other reactions like it. Here, we studied the effect of pH on TOC removal from 0.4 g L-1 of Ni(2-616 

x)Cu(x)Al-LDH with x:1.0 catalyst, in which the initial pH of the solution was adjusted with H2SO4 and NaOH. 617 

The results are shown in Fig.10-(d). 618 

Adsorption tests lasting 30 minutes at pH 5, 7, and 9 on 0.4 g L-1 of Ni(2-x)Cu(x)Al-LDH with x:1.0 showed 619 

greater adsorption at acidic pHs than at basic pHs. The pHPZC (zero charge point) of the x:1.0 catalyst is 620 

around pH 7.5. This catalyst's surface in water can be modeled as LDH≡Cu-OH, where it undergoes 621 

protonation or deprotonation depending on the pH of the solution. When the solution contains a great deal of 622 

H+, protonation occurs on the catalyst surface (Eq.26), whereas when OH- predominates, deprotonation 623 

occurs (Eq.27). On the surface of the catalyst, both protonation and deprotonation result in a positive and 624 

negative charge potential (Sá et al., 2013). 625 

𝐿𝐷𝐻 ≡ 𝐶𝑢 − 𝑂𝐻 + 𝐻+ → 𝐿𝐷𝐻 ≡ 𝐶𝑢 − 𝑂𝐻2
+                                            (26) 626 

𝐿𝐷𝐻 ≡ 𝐶𝑢 − 𝑂𝐻 + 𝑂𝐻− → 𝐿𝐷𝐻 ≡ 𝐶𝑢 − 𝑂− + 𝐻2𝑂                                      (27) 627 

The adsorption capacities were 7.60%, 4.64%, and 3.20% for pH 5, 7, and 9, respectively. This removal of 628 

TOC is mainly due to the adsorption of naphthalene (results confirmed by HPLC). The possible cation-π 629 
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interaction between the positive catalyst surface and the benzene ring of naphthalene may explain these 630 

results (Lam et al., 2021). 631 

TOC removal was most efficient when the pH value was acidic (pH 5) (77.2% of TOC was removed after 90 632 

minutes of oxidation reaction). This was due to the strong electrostatic attraction between the catalyst surface 633 

and hydrogen peroxide, which causes the latter to be rapidly adsorbed or gathered near the catalyst for 634 

activation. Since the charge density of the catalyst surface is not constant (i.e., it varies with pH), the force 635 

of attraction and the generation of radicals also vary. The rate of radical production increases proportionally 636 

with the charge density. However, a strongly acidic environment may be unfavorable for two reasons: first, 637 

it promotes metal leaching due to dissolution and thus the phase change (Yadav & Dasgupta, 2022) of the 638 

catalyst, which leads to the loss of active species and, since the heterogeneous reaction is the main driver of 639 

organic matter decomposition, a considerable decrease in the efficiency of the catalyst for reuse; second, 640 

hydrogen peroxide becomes more stable under strongly acidic conditions and forms oxonium and a large 641 

excess of H+ ions (equations 28 and 29), which inhibit its reaction with the active species (Cu) to generate 642 

HO• (Luo et al., 2020). 643 

𝐻2𝑂2 + 𝐻
+ → 𝐻3𝑂2

+                                                                (28) 644 

𝐻𝑂•  + 𝐻+ + é → 𝐻2𝑂                                                               (29) 645 

At pHPZC, the charge potential is neutral, and the surface charges on the catalyst equilibrate to a neutral state. 646 

In this state, hydrogen peroxide can only reach the catalyst surface through diffusion, which slows down the 647 

activation rate. 648 

In alkaline solution (pH 9), after 90 min the removal of TOC  decreased considerably (9.4%); this could be 649 

due to the generation of OH- species, which prevent the adsorption of H2O2 and affect the generation of 650 

hydroxyl radicals once they approach the active center (Navalon et al., 2010). In addition, self-decomposition 651 

to H2O and O2 (Eq.9) in a strongly alkaline solution also reduces the efficiency of organic contaminant 652 

removal (Qiao et al., 2012). Related results show that H2O2 in alkaline solution can produce HO2
- to consume 653 

HO• and H2O2 by the following equations (30) and (31): 654 

𝐻2𝑂2 ↔ 𝐻𝑂2
− + 𝐻+                                                                (30) 655 

𝐻𝑂• + 𝐻𝑂2
− → 𝐻2𝑂 + 𝑂2

•−                                                            (31) 656 

These results were confirmed by HPLC and GC-MS analyses, which showed the disappearance of aromatic 657 

components and the appearance of acids and other products at pH 5 and 7 (Fig.S-5 and Fig.S-6) 658 

(Supplementary material). These products are organic acids and alkanes almost all of which were nonanes 659 

and hexadecanes. At pH 9, it was noted that the starting chemicals remained unchanged, and no other by-660 

products appeared. 661 
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The evolution of the pH during the experiments was also monitored, and the results indicate that it gradually 662 

declined as intermediates and/or organic acids were produced as oxidation products. This reduction in pH is 663 

significant because it can also impact the mechanism of the reaction. 664 

Our catalysts were used with the pH adjusted to pHPZC (6.9 < pHPZC < 8.1), which is close to the pH of the 665 

solution (pH 8.0). This can simplify the pretreatment of wastewater, as the acidic pH is a pollutant factor, 666 

and also prevent equipment in the industrial sector from corroding and our materials from decomposing. 667 

3.2.3. Effect of the substitution of nickel by copper on SPRW oxidation  668 

In this section, the effect of substituting nickel by copper on the oxidation of organic compounds present in 669 

SPRW was examined by TOC analysis (Fig.13), HPLC chromatography (Fig.S-8) and GC-MS 670 

chromatography (Fig.S-9). 671 

 672 

Fig.14. TOC removal rates depending on the time and effect of the substitution of nickel by copper 673 

on SPRW oxidation   674 

(SPRW, H2O2/COD: 5, Ni(2-x)Cu(x)Al-LDH: 0.4 g L-1, T: 60°C, reaction time: 90 min, pH: pHPZC) 675 

Ni(2-x)Cu(x)Al-LDH with x to 0.0 from 2.0 were used as catalysts to degrade organic compounds present in 676 

SPRW via the Fenton-like reaction. The reaction conditions were chosen as the result of the previous series 677 

of experiments and have been mentioned above (pH: pHPZC, H2O2/COD: 5, catalyst: 0.4 g L-1, reaction 678 

temperature: 60°C and reaction time: 90 min). 679 

 680 

Blank experiments were also performed at 60°C with (1) absence of both catalyst and hydrogen peroxide, (2) 681 
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absence of catalyst only and (3) absence of hydrogen peroxide only. TOC removal was about 14% for the 682 

first two experiments due to the thermal removal of a fraction of toluene and the persistence of all other 683 

starting products (results confirmed by HPLC and GC-MS), suggesting that the compounds contained in 684 

SPRW are difficult to mineralize in the absence of catalyst. For the third experiment the removal of TOC 685 

was 7.3%; 6.7%; 6.0%; 5.3% and 4.3% for catalysts with x:0.0; x:0.5; x:1.0; x:1.5 and x:2.0, respectively, 686 

due to a slight adsorption of naphthalene on the surface of the catalysts. The larger the surface area, the 687 

greater the removal (see Table 3). HPLC analysis shows that 51.4%, 47.8%, 42.8%, 40.9% and 25.5% of 688 

naphthalene was adsorbed on the surface of the catalysts with x:0.0, x:0.5, x:1.0, x:1.5 and x:2.0 after 30 min 689 

of adsorption at 60°C, respectively. It should be pointed out that the process is complex because it combines 690 

the thermal elimination of toluene and the adsorption of naphthalene. After 30 min, it is important to know 691 

if naphthalene was desorbed into the reaction medium or if it remained fixed on the surface of the catalyst. 692 

An infrared analysis (Fig.S-7) shows that new absorption bands appear: the first one between 3000 and 2800 693 

cm-1 corresponds to the stretching =C-H bond; the second one between 1600 and 1430 cm-1 corresponds to 694 

the -C=C- stretching bond; the third one at 1100 cm-1 corresponds to the -C-H in plane bending bond; and 695 

the bands between 900 and 690 cm-1 correspond to the -C-H out of plane bending bond of the aromatic 696 

compounds. Comparing the spectrum of the catalyst after 30 min of adsorption with the spectrum of the same 697 

catalyst after 90 min of reaction, the same absorption bands were observed, showing the persistence of 698 

naphthalene on the catalyst surface. 699 

Time 0 of the reaction started when hydrogen peroxide was added after 30 min of adsorption and the results 700 

of TOC removal are plotted in Fig.13. TOC removal increases with the decrease in the Ni2+/Cu2+ ratio. For a 701 

Ni2+/Cu2+ ratio of less than 1, more than 65% of TOC was removed. 702 

In the coexisting system of catalyst and H2O2, the most active catalysts with x:1.0; 1.5 and 2.0 can mineralize 703 

not only the starting aromatic compounds but also the aromatic intermediates into molecular organic acids 704 

after 90 min of reaction. 705 

Figures S-8 and S-9 (Supplementary material) illustrate the catalytic oxidation of organic compounds in 706 

SPRW using various catalysts. Activity was high for catalysts with x:1.0, x:1.5, and x:2.0. Additionally, 707 

given the low activity of x:0.0, it was clear that copper was the catalytically active phase (activation sites for 708 

hydrogen peroxide and organic molecules), as evidenced by the fact that TOC removal increased as the 709 

percentage of Cu2+ increased. 710 

However, Fig.13 indicates that the introduction of nickel decreases TOC removal. It is important to mention 711 

that although TOC removal rates decrease to some extent with increasing nickel, the presence of nickel can 712 

weaken the Jahn-Teller distortion for copper-based LDHs (see Fig.2). Combining the characterization and 713 

activity results of Ni(2-x)Cu(x)Al-LDH, the structure-activity relationship of the compound can be derived. 714 

As shown in Tables 3 and S-3 (Supplementary material), no correlation is observed between the activity and 715 
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the specific surface area of the catalysts. Therefore, the surface area of the Ni(2-x)Cu(x)Al-LDH catalysts seems 716 

to have little effect on catalytic activity: the catalysts with x:0.0 and x:0.5 have the highest specific surface 717 

areas 147.5 m² g-1 and 96.6 m² g-1, respectively, but are much less active than the catalysts with x:1.0, x:1.5 718 

and x:2.0.  719 

According to the results of HPLC analysis Fig.S-8 (Supplementary material), the aromatic organic 720 

compounds had completely degraded after 90 min of reaction for the catalysts with x:1.0, x:1.5 and x:2.0 and 721 

some acids and other by-products appeared at retention times between 2 and 7 minutes.  These results were 722 

confirmed by the GC-MS analysis Fig.S-9 (Supplementary material). Nonane and hexadecane persisted for 723 

all the catalysts and phenol, toluene, o-cresol, xylene, and naphthalene completely disappeared for the 724 

catalysts with x:1.0, x:1.5 and x:2.0, while other alkanes and organic acids appeared. On the other hand, for 725 

catalyst x:0.0 no starting products disappeared, except for small fractions of toluene and naphthalene; and for 726 

the catalyst with x:0.5 traces of o-cresol and naphthalene were detected, always with the persistence of 727 

alkanes. At the given reaction time intervals, samples were taken and analyzed by HPLC. Taking into 728 

consideration the temperature of the reaction medium and its effect on the kinetics of the reaction, a 729 

quenching process was carried out; Fig.S-10 (Supplementary material) gives the HPLC chromatograms of 730 

the degradation of the aromatic organic compounds present in SPRW catalyzed by x:1.0. Although they 731 

cannot be identified separately, the main intermediates of the reaction were found to be aliphatic acids with 732 

retention times lower than 7 minutes (Naffrechoux et al., 2000).  733 

During the first 30 min, the aromatic organic compounds decrease considerably at the same time as, the 734 

reaction intermediates form. These intermediates gradually decrease as the reaction time increases, and all 735 

the starting organic substances are completely degraded except the alkanes after 60 min.  736 

Fig.13 shows that 6.3%, 28.7%, 65.2%, 66.9% and 74.8% of TOC was removed after a 90-min reaction 737 

catalyzed by the catalysts with x:0.0, x:0.5, x:1.0, x:1.5 and x:2.0, respectively. The remaining 34.7% 33.1% 738 

and 25.2% TOC for the catalysts with x:1.0, x:1.5 and x:2.0, respectively, consisted of starting nonane and 739 

hexadecane and the recalcitrant alkanes produced. 740 

To be oxidized, these saturated molecules require very extreme reaction conditions or very strong reagents 741 

(Liu et al., 2019) because the lack of electron pairs in their components, carbon and hydrogen, means that 742 

they have recalcitrant properties (Rajasekhar Pullabhotla et al., 2008). Alkanes are oxidized by hydroxyl 743 

radicals when a hydrogen atom is abstracted to form water according to equation (32), while aromatic 744 

compounds are abstracted by electrophilic addition according to equation (33) (Zaviska et al., 2009). 745 

1st case: elimination of a hydrogen atom 746 

𝑅𝐻2 + 𝐻𝑂
• → 𝑅𝐻• + 𝐻2𝑂 → ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑙𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠                                (32) 747 

2nd case: addition of the 𝐻𝑂• radical to the organic compound R 748 

𝑅 + 𝐻𝑂• → 𝑅𝐻𝑂• → 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠                                    (33) 749 
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3.2.4. Proposed Ni(2-x)Cu(x)Al-LDH catalysis mechanisms 750 

The following is a mechanism based on electron transfer between metals in brucite-like sheets and the 751 

generation of HO• radicals: 752 

Since H2O2 is considered to have a skewed chain structure, the binding energies between two atoms in 753 

hydrogen peroxide are useful for estimating the formation of active species in degradation (Zhu et al., 1998). 754 

The O-O bond is easier to break than the O-H bond, and the p-orbitals along the direction of the O-O bond 755 

in the H2O2 molecule can obtain an electron from another substance such as Cu+ to produce HO• and 𝑂𝐻−, 756 

according to equation (4). 757 

In the degradation process of aromatic organic compounds catalyzed by Ni(2-x)Cu(x)Al-LDH, hydrogen 758 

peroxide can first adsorb on the surface of the catalyst and then get an electron from Cu+ ions to produce 759 

Cu2+, HO• and OH- ions. HO• can then react with the aromatic compounds to produce intermediates, organic 760 

acids, and alkanes. Finally, Cu2+ can be easily reduced by electron transfer between Ni2+ and Cu2+ in the 761 

brucite-like sheets, according to reaction (34), and the highly dispersed MO6 octahedra in LDH also facilitate 762 

electron transfer (Mohapatra Lagnamayee, 2014). The quencher test should be performed for proving the 763 

HO• radicals formation (J. Yang et al., 2022). 764 

𝐶𝑢2+ + 𝑁𝑖2+ → 𝐶𝑢1+ + 𝑁𝑖3+                                                    (34) 765 

However, the influence of the trivalent metal in LDH on the catalytic activity requires further study. 766 

In addition, the abundance of hydroxyl groups on the surface of the LDH sheets can have positive effects on 767 

catalytic activity: they make LDH very hydrophilic, promote the proximity of organic compounds and 768 

hydrogen peroxide to active sites and the well-ordered layer structure can provide a lot of space, which is 769 

important for the degradation reaction (Rives et al., 2003). This result was confirmed by calcining the catalyst 770 

with x:1.0 at 320°C to obtain mixed metal oxides. Based on TGA analysis, this calcination decomposes these 771 

hydroxyl groups, and destroys the lamellar structure of LDH. A loss of catalytic activity was observed in the 772 

calcined material, in which TOC removal is reduced from 65.2% to 47.8%. It should also be pointed out that 773 

the presence of anions in solution can also play a role in the degradation performance, because this presence 774 

of anions in solution makes the structure of calcined LDH well-ordered because of the memory effect of 775 

LDH (Gao et al., 2018). 776 

In summary, based on the above discussion, the Ni(2-x)Cu(x)Al-LDH catalyst with x:1.0 is probably the best 777 

of the catalysts tested: it has not only Cu+ cations as the catalytic active species, but also a well-ordered and 778 

well-crystallized pure LDH structure. 779 

3.2.5. Stability of catalyst during regeneration 780 

A comparison of catalytic performance in multiple tests had been performed to check the stability of Ni(2-781 

x)Cu(x)Al-LDH catalyst with x:1.0. This catalyst was recovered by simple filtration, washed, and dried. Then 782 
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it was reused for SPRW degradation. HPLC results showed that this catalyst could still mineralize 100% of 783 

aromatic organic compounds after five runs. After the fifth reuse, the conversion rate decreased with the 784 

number of reuse cycles. This decrease is probably due to the adsorption of naphthalene on the catalyst surface, 785 

which prevents the contact between hydrogen peroxide and the catalyst surface from producing the hydroxyl 786 

radicals. 787 

3.2.6. Comparison of catalysis performance 788 

The efficiency of the Ni(2-x)Cu(x)Al-LDH catalyst prepared was compared with ternary copper-based catalysts 789 

for the degradation of organic pollutants in wastewater and the results are presented in Table S-4 790 

(Supplementary material). Previous studies (Zhu et al., 1998) (Dubey et al., 2002) (Zhou et al., 2011a) (Rives 791 

et al., 2001) (Kannan et al., 2005) (Hao Wang et al., 2018) (Hao Wang et al., 2020) have reported that copper-792 

based catalysts can catalyze the Fenton-like reaction of phenol. However, in the literature, few studies apply 793 

AOP to treat petroleum refinery wastewater, and most of the ones that do use synthetic or real single 794 

component wastewater (Antonyraj & Kannan, 2011) (Dai et al., 2021). In addition, they usually use such 795 

high amounts of reagents that they are above the discharge limits (Coelho et al., 2006) (Santos et al., 2006) 796 

(El-naas et al., 2014).   797 

This study confirmed that the Ni(2-x)Cu(x)Al-LDH with x:1.0 catalyst can catalyze the Fenton-like oxidation 798 

reaction not only for phenol but also for a mixture of aromatic organic compounds such as phenol, toluene, 799 

o-cresol, xylene, and naphthalene, using water as the reaction medium. The parameters influencing the 800 

oxidation reaction were optimized, and the results confirmed that only 0.4 g L-1 was required to reduce TOC.  801 

However, other copper and non-precious metal catalysts (Baldrian et al., 2004) (Pradhan et al., 2013) 802 

(Priyanka et al., 2014) (Y. Wang et al., 2015) for the degradation of organic pollutants in wastewater have 803 

been studied in the literature (Table S-5, Supplementary Material).  It should be noted that in many cases, 804 

acidic solutions or toxic organic solvents have been used to effectively regenerate copper-containing 805 

catalysts, while simple sample filtration has been successfully applied for the regeneration of the Ni(2-806 

x)Cu(x)Al-LDH catalyst. 807 

4. Conclusions  808 

SPRW was treated efficiently by a Ni(2-x)Cu(x)Al-LDH catalyzed Fenton-like process with x:0.0, x:0.5, x:1.0, 809 

x:1.5 and x:2.0. The preparation and characterization of the catalysts, optimization of the SPRW treatment 810 

process, degradation kinetics of organic compounds, and pre-improvement mechanisms of Ni(2-x)Cu(x)Al-811 

LDH catalysis were studied. The conclusions are as follows: 812 

 (1) The Ni(2-x)Cu(x)Al-LDH catalyst with x:1.0 seems to be the best of the prepared catalysts, in terms of 813 

crystallinity and purity. 814 

 (2) The substitution process of nickel by copper in the LDH phase varied the structure, porosity, and 815 
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morphology of the catalysts:  816 

 The interlamellar space decreased and the distance between the two adjacent atoms increased, which 817 

is surprising because the ionic radius of nickel is larger than that of copper. For copper-rich catalysts 818 

(x:1.5 and x:2.0), new phases such as malachite and gibbsite appeared with the hydrotalcite-type 819 

phase. 820 

 The decrease in the mass loss between room temperature and 200°C corresponds to the loss of the 821 

physisorbed water molecules at the surface of the catalyst and was influenced by the mesh parameter 822 

a and thus by the decrease in the lamellar charge density. 823 

 A type II adsorption isotherm was observed forming interparticle porosity, with a progressive 824 

decrease in specific surface area and a large H3 type hysteresis loop with slit-shaped pores formed 825 

by platelet aggregation. 826 

   (3) Blank experiments for SPRW treatment at 60°C showed thermal removal of a toluene fraction and slight 827 

adsorption of naphthalene on the catalyst surface. 828 

   (4) Under the optimal SPRW treatment conditions (H2O2/COD: 5, catalyst amount: 0.4 g L-1, pH: pHPZC, 829 

reaction time: 90 min and temperature: 60°C), the catalytic activity of the Ni(2-x)Cu(x)Al-LDH catalyst 830 

increases with increasing copper content. The catalyst with x:2.0 shows the highest activity, a TOC removal 831 

of 74.8%. It should be noted that this catalyst presents phases other than the hydrotalcite phase such as 832 

malachite and gibbsite.  833 

(5) HO• radicals might play a leading role in the degradation of aromatic organic compounds present in 834 

SPRW and the rate at which they are generated can be accelerated by increasing the Cu+ content on the 835 

catalyst surface. 836 

(6) TOC abatement follows the pseudo-first order kinetic model with an activation energy value of Ea: 837 

44.80 kJ mol-1. 838 

This is only an initial study, and further studies on the potential application of the catalysts in actual 839 

wastewater treatment will be needed in order to alleviate production pressure. 840 
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