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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 synthesized as catalysts for the degradation of aromatic and
aliphatic organic compounds present in petroleum refinery wastewaters by a Fenton-
type reaction, using hydrogen peroxide as a free radical generator. Samples obtained
by coprecipitation at constant pH with a molar ratio R:(Ni 2+ +Cu 2+ )/Al 3+ equal
to 2.0 were characterized by PXRD, FT-IR, ESEM-EDS, ICP-OES, TGA and N 2
physisorption.

The results of the oxidation reaction showed that the catalytic activity varies inversely
with the Ni 2+ /Cu 2+ ratio, and the maximum activity is achieved for x:2.0. This
catalyst can remove 74.8% of TOC, where the aromatic compounds could be
completely oxidized by H 2 O 2 90 min at 60°C under the conditions of pH:pH |EP
and at a less excessive dosageof H 2 O 2 (H 2 O 2 /COD:5), temperature of the
reaction medium 60°C, but this catalysis presents other phases than LDH phase, sach
as malachite and gibbsite.

The catalytic oxidation process had first-order kinetics with an activation energy of
44.803 kd mol - 1 for the TOC disappearance reaction.
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Highlights

HIGHLIGHTS

1. The hydroxyl radicals ("OH) played an important role in the Nip-xCuxAl-LDH/H20>
system.

2. Cu" is catalytically active in a wide range of pH values.

3. TOC reductions were higher in the presence of Cu®.



Graphical Abstract . .
SPRW: Synthetic Petroleum Refinery Wastewater

Toluene + Phenol + Xylene + Naphthalene + o-Cresol + Nonane + Hexadecane

RH, RH® + H,0 — hydroxylated
products
H20: Cu?* HO' + OH-
Layerec! double hydroxides RHO* — oxidized
Ni.,Cu,Al-LDH products
x:0.0; 0.5; 1.0; 1.5 and 2.0
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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@-CuxAl-LDH catalysts

obtained by TGA.
Catalysts Mass loss (%) Mass loss (%) Mass loss (%) Total mass loss

[Ambaint-200°C] [200°C-350°C] [350°C-500°C] (%)
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 apd activations energy of TOC disappearance rate.

Reaction Kapp R? Ea

temperature (min?) (k) mol)

293 K 0.00217 0.95412

303 K 0.00491 0.94686

313K 0.00526 0.95320

323K 0.01030 0.98634 44.803

333K 0.02076 0.96671

343 K 0.03136 0.96304

(SPRW, H,0,/COD: 5, Ni(2-xCuxAl-LDH with x:1.0: 0.4 g L'}, reaction time: 90 min, pH: pHpzc)
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Table S-3. TOC conversion rate obtained (%) for each catalyst.

After 30 After 30

Catalysts minof — minof . i 20min  30min  60min 90 min
heating ads

%:0.0 14.65 735 0.61 0.83 3.88 6.21 6.23

x:0.5 15.73 6.73 399  11.03 1207 2557 2872

x:1.0 15.36 6.04 1511 2508  37.77 4919  65.24

x:1.5 14.53 5.35 1869  31.00  41.09  53.08  66.95

x:2.0 13.49 4.27 2429 3526  46.88  57.66  74.79

(SPRX, H,0,/COD: 5, Ni(2-nCuxAl-LDH: 0.4 g L'}, reaction time: 90 min, T: 60°C, pH: pHpzc)




Synthesis protocol of catalysts

Metal salts solution
NIC|2'6H20 + CUC|2.2H20 +

Precipitant agents’ solution
NaOH + NaxCOs;

AlCl36H-0
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Fig.S-1. Synthesis protocol of Ni@-xCuxA

Y

Obtaining Nij2xCuxAl-LDH
powder with x:0.0; 0.5; 1.0;
1.5and; 2.0

I-LDH with x:0.0; 0.5; 1.0; 1.5 and 2.0 catalysts



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).



5. Chromatograms Obtained by HPLC and GC-MS Analyses
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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, H202/COD: 5, Ni-xCupAl-LDH with x:1.0: 1.0 g L%,
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
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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, H202/COD: 5, Ni-xCumAl-LDH with x:1.0: 1.0 g L%,
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



(x100,000)

Max Intensity : 1 963 843

Time 10842 Scan# 1329 Inten.

824261 o

8.
70
6.0 4
E-.D—:
] 2
4.0—_ 1 = 7
:"\—_l.‘j_d M I L (s)
34 L. ™ . —— a
Z.UE—JK_"__L'_'_'“‘A i | (t)
10_:——A—v-—n—k—.-q........"~._._l\..__ I I =]
] :] 12 13 5
] 33 1014 1415 16 A
o A I | 1 Tf. e )
T
40 5.0 6.0 7.0 8.0 9.0 10,0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0

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, H,0,/COD: 5, Ni@-CuxAl-LDH with x:1.0: 1.0 g L,
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
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Fig.S-5. HPLC chromatograms (a) Initial SPRW:; (b) After 30 min heating;
(c) AtpH 5; (d) AtpH 7 and (e) At pH 9
(SPRW, H20,/COD: 5, Ni-CuxAl-LDH with x:1.0: 0.4 g L,
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; () At pH 7 and (f) At pH 9
(SPRW, H,0,/COD: 5, Ni@-CupAl-LDH with x:1.0: 0.4 g L,
T: 60°C, reaction time: 90 min)
1) Toluene; 2) Xylene; 3) Nonane; 4) Phenol; 5) O-Cresol; 6) Naphthalene; 7) Hexadecane
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Fig.S-7. FT-IR spectra of Nip-xCuxAl-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, H20,/COD: 5, Ni@-CuAl-LDH: 0.4 g L%,
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-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, H202/COD: 5, NixCumAl-LDH: 0.4 g L,
T: 60°C, reaction time: 90 min, pH: pHpzc)
1) Toluene; 2) Xylene; 3) Nonane; 4) Phenol; 5) O-Cresol; 6) Naphthalene; 7) Hexadecane




u

14000000+

13000000+

120000004

11000000+

10000000+

8000000+

§000000+

7000000+

6000000

Toe 520 T WO

5000000+

4000000+

3000000

2000000

1000000

0

Jr, I —
i
| S
A,
f\
A i

-10000004

roe] =N IR

0

2 ! 75 100 125 180 175 00 25 20 a5 kil 32“5 min

0 5 5
LC Deta .| [PDA Deta A. B8 LC Dt .

Fig.S-10. HPLC chromatograms of SPRW degradation at different reaction time
(SPRW, H,0,/COD: 5, Ni@-CuxAl-LDH with x:1.0: 0.4 g L,
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.
TOC removal (%) Operatin
Catalysts and/or Reduction Nature coFr)1 ditiongs References
efficiency (%)
CuNiAICO;- 47.1% Phenol Heterogenous Phenol: 05 g, (Zhuetal., 1998)
HTLc conversion Fenton reaction Catalyst: 0.05 g,
phenol/H,0;

(mol): 1/1.6, pH: 7,
time: 1h, T:60°C.

CuNiAI3-5 LDH | 23.7% Phenol Heterogenous Phenol: 1.0 (Dubey et al.,
conversion Fenton reaction  g/Water: 10 mL, 2002)
catalyst: 10 mg,
phenol/H,0;




CuNIAICO; LDH

CuNiAI35 LDH

CuNiAI35 LDH

CuNiAI35 LDH

CuCo31 LDH

CuMgAlI-11
LDH

80% TOC removal

100% Phenol
conversion

62.8 + 0.6% Phenol
conversion

60.5 + 4.3% m-
Cresol conversion

43.6 +3.5% 3-
Ethylphenol
conversion

51.2% Phenol
conversion

65.0% Phenol
conversion

Heterogenous
Fenton reaction

Heterogenous
Fenton reaction

Heterogenous
Fenton reaction

Heterogenous
Fenton reaction

Heterogenous
Fenton reaction

Heterogenous
Fenton reaction

(mol): 2.0, pH: 5.0,
time: 2h, T:65°C.

Cu/Ni/Al: 4.8/1.2/
2 molar ratio

Phenol: 2.66 mM,

Catalyst amount:
0.8 g LY,
n(H20z)/n(Phenol):
15, pH: 6.5, time:
2h, T: 40°C.

Phenol: 500
mg/Water: 10 mL,
Catalyst amount:
17 mg,

phenol/H,0, molar
ratio: 1:2, pH: 6.5,
time: 2h, T:60°C.

m-Cresol: 500
mg/Water: 5 mL,
Catalyst amount:

17 mg, m-
Cresol/H,0, molar
ratio: 1:2, pH: 6.5,
time: 3h, T:60°C.

3-ethylphenol: 500
mg/Water: 5 mL,
Catalyst: 17 mg, 3-
ethylphenol/H,0;
molar ratio: 1:2,
pH: 6.5, time: 3h,
T:60°C.

Phenol: 1.0
g/Water: 10 mL,
catalyst: 10 mg,
phenol/H;0;
(mol): 1/2, pH: 5,
time: 2h, T:65°C.

Phenol: 1.0
o/Water: 10 mL,
catalyst: 10 mg,
phenol/H,0;

(mol): 1/2, pH: 6.5,
time: 2h, T:65°C.

(Zhou et al.,
2011a)

(Dai et al., 2021)

(Dai et al., 2021)

(Dai et al., 2021)

(Rives et al.,
2001)

(Kannan et al.,
2005)
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CuznAl-LDH

CuosNizsFe LDH

Cu1Ni2Sno.7s
LDH

Ni(z.x)CU(x)A|-
LDH x:1.0

100% Benzene
conversion

100% TOC
removal

93.2% TOC
removal

65.24% TOC
removal

100% Toluene
conversion

100% Phenol
conversion

100% o-Cresol

100% Xylene
conversion

100% Naphthalene
conversion

Heterogenous
Fenton reaction

Heterogenous
Fenton reaction

Heterogenous
Fenton reaction

Heterogenous
Fenton reaction

Benzene: 5
o/Water: 15 mL,
Catalyst: 10 mg,
H.0,: 0.7 mL,
time: 6h, T:50°C.

Phenol: 100 mg L
1 Catalyst amount:
1.0 g LY Mo

IMeprenoi: 56, pH:
6.5, time: 1h, T:
40°C.

Phenol: 94 mg L*,
Catalyst amount:
1.0 g LY Mo

/Mpheno|l 56, pHZ
6.9, time: 1h, T:
50°C.

Mixture (Toluene,
Nonane, Phenol,
Xylene,
Naphthalene,

Hexadecane: 10
mg L*, o-Cresol:
20 mg LY,
H.0./DOC: 5,
Catalyst: 0.4 g LY,
pH: 7.5, time: 90
min, T: 60°C.

(Antonyraj &
Kannan, 2011)

(Hao Wang et al.,
2018)

(Hao Wang et al.,
2020a)

This work

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

TOC removal (%)

Catalysts and/or Reduction Nature Operg jung References
- conditions
efficiency (%)
Cu/Ligand/H202 | 47.6% Benzene Homogenous Mixture (Benzene:  (Baldrian et al.,
system conversion Fenton reaction  1.28 mM, 2004)
Toluene: 1.09
36.0% Toluene mM,
conversion ethylbenzene: 0.94
mM, Xylenes:

11



Mesoporous
5Cu/Al; 03—
MCM-41
composite

Copper loaded
activated carbon

Mesoporous
carbon CuFe-
MC-1-8

00 composite

25.4%
Ethylbenzene
conversion

29.1% o-Xylene
conversion

20.9% m-Xylene
conversion

31.1% p-Xylene
conversion

70% 4-chloro-2-
nitrophenol
conversion

75% 2-chloro-4-
nitrophenol
conversion

80%
conversion

Phenol

82% TOC removal

90% Nitrobenzene
conversion

83.7% TOC
removal for phenol
solution

66.3% TOC
removal for
bisphenol A
solution

93.5% TOC
removal for 2,4,6-
Trichlorophenol

Photo-Fenton
reaction

Heterogenous
Fenton reaction

Heterogenous
Fenton reaction

0.94 mM), CuSOu:
10 mM, Succinic
acid: 200 mM,
HzOzI 100 mM,
pH: 2-5, time: 20h,
T: 22°C.

Phenol, 2-chloro-
4-nitrophenol, 4-
chloro-2-
nitrophenol: 100
mg L?%Y20 mL,
Catalyst: 1 g L%,
H,O.: 1.0 x 10'6
mol, pH: 4, time:
45 min, sunlight.

Nitrobenzene: 100
mg L%, Catalyst:
025 g L% Cu
loading: 2.5 wt%,
H.O./nitrobenzene
(mol): 14.5, pH: 3,
time: 4h.

Phenol, Biphenol
A, 2,4,6-
Trichlorophenol:
100 mg LY
Catalyst: 300 mg
L?, H0;, : 30 mM,
pH : 3, time : 12h,
T: 25°C.

(Pradhan et al
2013)

(Priyanka et al.,
2014)

(Y. Wangetal.,
2015)

12
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30 TOC disappearance reaction.

31
32 Keywords: Oil refinery wastewater; hydrotalcite-type; substitution effect; Fenton-like process; hydroxyl

33 radicals.
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1. Introduction
Given the considerable impact of industrial activities on the environment, pollution control is a major concern
for the industrial sector. More restrictive environmental laws on waste or effluent disposal, industry pressure
for environmentally sustainable practices, effluent disposal costs and, in some cases, water scarcity are all
factors that have pushed for more stringent effluent treatment and reuse (Prado et al., 2020).
Petroleum refinery and petrochemical plants (PRPPs) are a collection of industries that are involved in the
manufacture of fuels, lubricants and petrochemicals, as well as their intermediates and derivatives. As a result
of global economic development and population growth, there is a significant increase in the demand for
petrochemical goods (Jain et al., 2020). PRPPs consume a large amount of water in their various operations,
such as cracking and distillation, and generate considerable volumes of wastewater (Hansen et al., 2018).
PRPPs generate around 0.4 to 1.6 times the amount of crude oil produced (Coelho et al., 2006).
According to the IEA’s reference scenario (which incorporates currently announced policies), by 2026 global
oil consumption could increase to 104.1 mb/d, a 4% rise in the level prior to the Covid-19 pandemic (annual
global oil demand are expected to exceed 2019 levels in 2023) (International Energy Agency, 2021). This
consumption requires approximately 6,770 million liters of PRPP wastewater to be generated per day.
Scientists are concerned about the safety of the environment as a result of this surge in demand for PRPP
goods. The reuse of water, then, in this area can give economic and environmental benefits.
The wastewater from petroleum refineries (PRW) contains a high concentration of aliphatic and aromatic
hydrocarbons, which can cause significant contamination on the surface of soils and rivers (Sun et al., 2008).
The United States Environmental Protection Agency (USEPA) has stated that phenolic derivatives are
priority contaminants in water because of their extreme toxicity, stability, low biodegradability, and ability
to persist in the environment for extended periods of time and harm the ecosystem. These hazardous
contaminants are frequently present in industrial wastewater and can also cause a variety of operational
problems: for example, corrosion of tubular equipment, scaling on the surface of heat exchangers, and
environmental harm if the effluent is not properly treated before disposal. According to the United States
Environmental Protection Agency (USEPA) and the World Health Organization (WHO), petroleum refinery
wastewater (PRW) must be sufficiently treated to meet current regulatory requirements (Ghalehkhondabi et
al., 2021).
PRW is extremely complex (Igbal et al., 2017) and a variety of methods and technologies have been used to
remove pollutants: , e.g., coagulation-flocculation and flotation (Santo et al., 2012) (Singh & Kumar, 2020),
precipitation (Fu & Wang, 2011), adsorption (Dalanta et al., 2021) (Ulhaqg et al., 2021), membrane filtration
(Lebron et al., 2021), oxidation (Oller et al., 2011), bio-electrochemical oxidation and reduction
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(Mohanakrishna et al., 2018), integrated treatment processes (Al-Mur et al., 2021), and bioremediation (Patel
& Patel, 2020) (Ebrahimi et al., 2016).

All of these approaches, however, have significant drawbacks: due to the presence of hazardous aromatic and
aliphatic hydrocarbons, as well as phenolic and refractory chemicals, biological processes alone are incapable
of meeting reuse and discharge quality requirements (Vendramel et al., 2015) (Prado et al., 2020).
Biodegradation takes longer to complete and is incompatible with most contaminants in the PRW (Molaei et
al., 2022). Conventional methods such as adsorption, membrane filtration, and reverse osmosis transfer the
pollutant from one medium to another, and the adsorbent’s reusability is not guaranteed due to active site
saturation (Ani et al., 2018).

In order to comply with increasingly stringent discharge criteria, effective advanced treatment procedures are
required (Chen et al., 2017). Advanced oxidation processes (AOPs) produce radical entities, most notably
hydroxyl radicals (HO"), which are the most powerful oxidizing species that can be used to treat water and
industrial effluents (Domingues et al., 2022). HO" is the second most reactive species after the fluorine atom;
it attacks most organic pollutant molecules at a rate of 10°-10° M s, which is 10102 times faster than
ozone (Cheng et al., 2016), reacts with -C-C- double bonds and attacks aromatic rings, major components of
refractory compounds (Gogate & Pandit, 2004). These processes can be used either as an oxidative
pretreatment leading to readily biodegradable compounds or as a tertiary treatment for the elimination or
complete mineralization of residual pollutants in CO», water, and inorganic salts (Gallard & Laat, 2000).

In this regard, the Fenton process, which decomposes hydrogen peroxide by redox reactions with iron (Eg.1)
to generate hydroxyl radicals in solution (homogeneous processes) or at the interface with insoluble iron
catalysts (heterogeneous processes), is considered to be one of the most effective advanced processes for

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

kq
Fe?* + H,0, > Fe3* + HO® + OH™ k,=53—-76 M~1s71 (Malato et al., 2009) (1)
The principal Fenton oxidant (HO") can be eliminated by an excess of iron (Eq.2) or hydrogen peroxide
(Eq.3), which can reduce the efficiency of the homogeneous process. This means that the H2O2/Fe?* ratio

must be carefully chosen to prevent the oxidation effect (Domingues et al., 2018).
k
Fe3* + H,0, > Fe** + HOO" + H* ky=1-2 x10"2M~1s~1 (Malato et al., 2009) (2)

HO*® + H,0, “ Hoo + H,0 ks =33 x10" M~ 1ts1 (Karthikeyan et al., 2012) (3)
One of the advantages of this homogeneous process is that it does not require solid catalysts to be separated
and reused. However, it does have several inherent drawbacks that restrict its widespread application. For
instance, a strict pH range (acidic pH), high H.O> consumption, and the accumulation of ferric sludge reduce

the oxidation efficiency (N. Wang et al., 2015). Researchers have focused a great deal on enhancing the
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Fenton process to overcome these drawbacks. Solid iron-based catalysts have been used to replace the
homogeneous Fe?" (Pourehie & Saien, 2020).
Once compared to iron-based catalysts, copper-based catalysts behave like Fenton-like catalysts even though

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

Ky .

Cu* + H,0, > Cu*t + HO* + OH~ k, =10 x 10*M~1s~1  (Qiaoetal., 2012) 4)
k

Cu®* + H,0, - Cut + HOO* + H* ks =4.6 x 102M~1s™1  (Qiaoetal., 2012) (5)

They exhibit higher leaching resistance, a better catalytic performance, and a wider range of pH operations
than iron-based catalysts (Nichela et al., 2013).

In addition to reacting with the target substrates (S) (Eq.6), extremely reactive hydroxyl radicals may also
react with the oxidant itself (Eq.3).

HO®* + S ks Products (6)
In the last decade, there has been considerable interest in developing heterogeneous copper-based catalysts,
particularly LDH compounds.

Layered double hydroxide compounds (LDH) are an interesting class of materials because of their anion
exchange properties (Zhang et al., 2019) (Johnston et al., 2021), adsorption capacities (Kefif et al., 2019)
(Bouteiba et al., 2020) (Bouteraa et al., 2020), catalytic and photocatalytic uses (Oladipo et al., 2019)
(Oladipo, 2021) (Azalok et al., 2021) pharmaceutical applications (Nava-Andrade et al., 2021) (Bini et al.,
2019), and usefulness in wastewater treatments (Rezak et al., 2021) (Guo et al., 2021).

Consisting of metal hydroxide layers with anions in the inter-layer space (see Fig.1), LDH are structurally
similar to the mineral brucite [Mg(OH)2] in which a fraction of M'" ions are replaced by M"" ions (Mallakpour
& Khadem, 2017). They can be represented by the general formula:[M{", My" (OH),]**[A" ], /n. zH,0, in
which M'"" and M"" cations disperse in an ordered and uniform manner in brucite-like layers, x is the
M"/(M"+M") molar ratio (0.20 < x < 0.40), and A" is a compensation anion of charge (n-) that leads to the
electro-neutrality of such LDH as CI-, NOs", SO4* and CO3? (Liu et al., 2019) (Kameda et al., 2021), metal
complexes (Behbahani et al., 2021), surfactants (Wu et al., 2021) or other ligands (Y. Yang et al., 2019).
Many divalent metals (Zn?*, Ni?*, Cu?*, Co?*, Fe?*, Ca?*, etc.) (Das & Parida, 2021) and trivalent metals
(Cr¥*, Fe®, Co®, Mn®, V3 etc.) (X. Wang et al., 2017) can be combined to form LDH layers. One exception
is Cu?*, which in spite of a suitable ionic ray can form pure LDH accompanied by another divalent cation
M" such as Mg?*, Co?*, Zn?*, Fe?* or Ni?* (Cavani et al., 1991). In this case, the ratio Cu?*/M" must be lower
than or equal to 1.0. This Cu?* behavior comes from the “Jahn Teller” effect: the ions d° electronic
configuration leads to the formation of deformed octahedral sites (Hao Wang et al., 2018). As long as the
Cu?*/M" ratio is lower than or equal to 1.0, the Cu?* ions are inserted in the non-deformed octahedral position

in the brucite-type layers. When the ratio is greater than 1.0, some of the Cu?* ions may be located in nearby
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octahedra, and the formation of copper hydroxides with distorted octahedra is energetically preferred to that
of the LDH structure (Cavani et al., 1991).
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Fig. 1. (a) Schematic representation of the LDH structure; (b) Detailed schematic diagram of several
physisorbed water molecules inside layers. Bonds illustrated as discontinuous squiggles attempt to
convey the hydrogen bond interaction (Valente et al., 2012)

In a previous study (de Melo Costa-Serge et al., 2021), the catalytic activity of LDH containing magnesium,
iron, and copper was evaluated in a heterogeneous Fenton process for the degradation of the antibiotic
sulfathiazole. It was discovered that the addition of copper to the lamellar structure increased the material’s
specific surface area and degradation kinetics, allowing the antibiotic to be completely removed. This finding
established the potential for copper-modified MgFe-COz to be used as a catalyst to degrade developing

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

In other research, a series of ternary LDH based on CuNiFe (Hao Wang et al., 2018) and CuNiSn (Hao Wang
et al., 2020) were synthesized as catalysts to degrade phenol via the Fenton reaction. The catalytic activity
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
Cu/Ni/Sn ratio of 1/2/0.75, which can mineralize 98.9% and 97% of phenol under mild conditions.

Building on previous work, this study aims to explore the effect of NiCuAl-LDH based catalysts on the Cu
content when treating SPRW. It is hoped that these catalysts will improve the degradation of recalcitrant
organic compounds and be viable alternatives to the conventional treatments used at present with these

effluents.
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2. Experimental
2.1. Preparation of catalysts
2.1.1. Materials
Nickel(ll) chloride hexahydrate NiCl2.6H.O (Sigma-Aldrich, 99.9%), copper(ll) chloride dihydrate
CuCl2.2H>O (Sigma-Aldrich, 99.9%), aluminum(lll) chloride hexahydrate AICI3.6H>O (Sigma-Aldrich,
99%), and sodium carbonate Na>COz (Biochem, 99.8%) were used to prepare the catalysts. Sodium
hydroxide (Biochem, 97%) solution was used to adjust the pH.
2.1.2. Preparation of Ni@xCuxAIl-LDH
To 200 mL of a solution of NiCl2.6H20, CuCl..2H20 and AICl3.6H20, a mixture of a solution containing
NaOH (1M) and Na.COs (1M) dissolved in distilled water was added dropwise at a constant rate (0.4 mL
mint), under vigorous stirring for 3 h at room temperature. In all the cases studied, the molar ratio R between
the bivalent and trivalent cations remained constant at 2.0 (M" = 0.50 M and M""' = 0.25 M), and the nickel-
substitution by copper changed from x:0.0 to x:2.0, although the nomenclature Ni-xCuxAl-LDH remained
the same throughout. All syntheses were performed at pH 10.0 £ 0.2. To facilitate the crystallization of the
precipitates, the contents were kept in a sealed vial at 70°C for 18 hours. The precipitates were then washed
several times with distilled water to remove the chloride and sodium ions. Once the products had been
purified, they were dried at 80°C for 20 hours and then ground to a homogeneous powder.
The synthesis protocol is represented by the flowchart in Fig.S-1 (Supplementary material).
2.2.Characterization techniques
The prepared catalysts were characterized by PXRD, FT-IR, TGA, ICP-OES, ESEM-EDS, and N
physisorption.
Powder X-Ray Diffraction (PXRD) measurements were performed using a Siemens D-500 diffractometer
(Bragg-Brentano Parafocusing geometry and vertical - goniometer) equipped with a curved graphite
diffracted-beam monochromator, incident and diffracted-beam Soller slits, a 0.06° receiving slit, and a
scintillation counter as a detector. The range of angular 2 diffraction was between 5 and 70 degrees. The data
were collected with an angular step of 0.05° and a sample rotation time of 3s per step. Cuk radiation was
generated using a copper X-ray tube operating at a voltage of 40 kV and a current of 30 mA. The average
crystallite sizes in the c direction (the stacking direction, perpendicular to the layers) of the LDH samples
was estimated from the full width at half maximum (FWHM) values of the (0 0 3) and (0 O 6) diffraction
peaks by means of the Scherrer equation and calculated using the X'pert HighScore Plus analysis software
and the crystallinity index (CI) of the catalysts was measured by the PXRD technique. After subtracting the

diffractogram of the amorphous phase from the whole diffractogram of the sample, the CI was calculated by
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dividing the remaining area of the diffractogram of the crystalline phase by the total area of the original
diffractogram (Park et al., 2010).

The infrared spectra (FT-IR) were acquired using KBr sampling on a Perkin-Elmer FT1730 spectrometer in
the 4000-400 cm* range with 10 cm™ resolution.

TGA was carried out using a SENSYS EVO TG-DSC (S60/58129, Setaram Instrumentation) in the presence
of flowing Ar or synthetic air at a flow rate of 30 sccm. After a conditioning step of 300 seconds at 303 K,
the crucible was heated to 1073 K at a rate of 10 K/min. After maintaining this temperature for 300 seconds,
the chamber was allowed to cool for 1540 seconds. To determine the gas composition, the instrument outlet
was connected to a mass spectrometer (MS, HiCube pumping station and PrismaPlus QMG220, Pfeiffer
Vacuum).

ICP-OES analyses were carried out on aqueous samples of the catalysts following microwave digestion in a
Milestone Ethos Easy digester. The analysis was performed using a 160 CCD spectrometer (Spectro Arcos).
ESEM analyses were conducted using a Quanta 600 Environmental Scanning Electron Microscope (FEI
Company). EDS analyses were conducted with the aid of an Oxford Instruments EDS detector. The analyses
were conducted in high vacuum mode with an accelerating voltage of 20 kV and a working distance of 10
mm. Micrographs were taken on gold-coated samples using a Q150R ES sputter coater (Quorum
Technologies). The gold layer deposited was approximately 15 nm thick.

The BET surface areas, nitrogen adsorption-desorption, and pore size distributions of all catalysts were
determined using the Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods,
respectively, via N2 physisorption analysis using QuandraSorb SI Models 4.0 with the QuandraWin Software
(quantachrome Instruments, v. 5.0 + newer) instrument at 77 K. Prior to measurement, each sample was
outgassed at 373 K for 6 hours in the instrument pre-chamber (FloVac Degasser, Quantachrome Instruments)
under vacuum (6 mTorr) to remove adsorbed species.

To determine the adsorption properties of our materials, the point of zero charge (pHpzc) was determined
using the salt addition method at room temperature as described by (Mak Yu et al., 2019): 1) an NaCl solution
0.01M was prepared; 2) 50 mL solutions were prepared with pH values between 2 and 12, which were
adjusted by adding HCI (1M) or NaOH (1M); 3) 50 mg of each catalyst was placed in a solution and stirred
for 24 hours; 4) after decantation, the final pH of the solution was measured and the curves drawn: pHs =
f(pHi) and (pHspHi) = f(pHi); pHi and pHs represent the initial and final pH of the solution, respectively.
2.3.Catalytic activity

2.3.1. Materials

The Fenton-like process was used to investigate the removal efficiency of aromatic and aliphatic
hydrocarbons that are frequently detected in refinery wastewater. The composition of the synthetic petroleum

wastewater (SPRW) was determined using data from prior research on real petroleum wastewater (RPRW)
6
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(Aoudjit et al., 2018) (Demir-Duz et al., 2019) (Li et al., 2021).

Phenol (Sigma-Aldrich, 99-100%), naphthalene (Acros Orgnaic, 99%), toluene (Sigma-Aldrich, 99.5%), o-
cresol (Sigma-Aldrich, 99%), xylenes (Panreac, 98%), nonane (Sigma-Aldrich, 99%) and hexadecane
(Sigma-Aldrich, 99%) were used to prepare SPRW as the organic representatives of RPRW (Demir-Duz et
al., 2019). Ammonium chloride, sodium chloride (Fulka, 99.5%) and sodium bicarbonate (Sigma-Aldrich,
99.9%) were used as inorganic representatives of RPRW (Demir-Duz et al., 2019). To emulsify nonane,
hexadecane, and naphthalene, which are nearly insoluble in water, Triron™ X-100 (Sigma-Aldrich) was used
as a surfactant. Sodium hydroxide and sulfuric acid solution were used to adjust the pH. H202 (Acros Organic,
35 wt%) and sodium sulfite solution (Sigma-Aldrich, 40%) were used in Fenton-like experiments,
dichloromethane (DCM, Sigma-Aldrich, 99.5%), acetonitrile (ACN, Reidel-de Haen, 99.9%) and phosphoric
acid (Sigma-Aldrich, 85%) were used for analytical procedures.

2.3.2. Preparation of SPRW and water properties

To 5 mg of Triton X-100 and 900 mL of distilled water, the salts (ammonium chloride, sodium chloride and
sodium bicarbonate) and insoluble components (nonane, hexadecane and naphthalene) were added in the
required amounts (Table 1), and the solution was followed by the emulsification step with a homogenizer at
7000 rpm for 30 min. Then, the soluble organic components (phenol, toluene, cresol, and xylenes) were
added to the required amounts of the mixture under continuous magnetic stirring at 450 rpm. Finally, the
solution was made up to 1000 mL with distilled water and stirred for another 30 min. The salts were added
before emulsification because they decrease the interfacial tension between the oil and the surfactant solution
(Ferdous et al., 2012).

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

Table 1. Composition and characterization of SPRW

Compounds Formulas Concentrfelltion COIE TOC_l
(mg L) (mgL™) (mgL™)

Toluene CeHs-CHs 10 31.26 9.12
Nonane CoH2o 10 34.95 8.42
Phenol CsHsO 10 23.80 7.65
o-Cresol C7HgO 20 50.31 15.54
Xylene CeH4(CH3) 10 31.65 9.04

Naphthalene CioHs 10 29.96 9.36

Hexadecane Ci6Has 10 34.62 8.48

Ammonium NH.CI 70 - -
Chloride
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Sodium chloride NaCl 247 - -
Sodium bicarbonate NaHCOs3 160 - -
TOTAL - 397 236.54 67.61
pH 8.0

2.3.3. Treatment procedures

Heterogenous Fenton-like process experiments were performed with 300 mL solution in a glass flask
equipped with a reflux condenser. Hydrogen peroxide (35 wt%) was added to the SPRW solution containing
the catalyst under magnetic stirring. The mixture was maintained at the desired reaction temperature. Fenton-
like experiments were performed for 90 min.

Various factors influencing the Fenton-like process were studied, such as the amount of catalyst, the
H20,/COD ratio, the temperature of the reaction medium, and the solution pH. The H2.0,/COD ratio (w/w)
was varied between 1 and 10, the catalyst concentration was varied between 0.1 and 1.0 g L%, and the
temperature of the reaction medium was adjusted between 30 and 70°C. Before the experiments, the pH of
the wastewater was adjusted to around pHpzc in order to attain electrical neutrality on the catalyst surface,
except for the experiments in which the pH was varied between 5 and 9. The catalysts were added in the
required quantity. The reaction was then started by adding H2O> while stirring continuously. At specified
intervals throughout the reaction, samples were taken to be examined and monitored using semi-quantitative
H20: strips to detect the remaining concentration of H20> in the samples. If H2O2 was detected in the samples,
sodium bisulfite was used to quench the reaction. According to analytical methods, samples collected during
the studies were centrifuged for 10 minutes at 5000 rpm.

All experiments were duplicated.

2.3.4. Sample analysis

Total organic carbon (TOC) measurements with a Shimadzu TOC-L analyzer were used to determine the
degree of mineralization during the studies. The following equation was used to determine the proportion of
TOC removed:

TOC removal (%) = initial TOC — final TOC % 100
initial TOC
Chemical oxygen demand (COD) was measured using the colorimetric method and the AQUALYTIC® Tube
Tests COD Vario.

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

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

Supplementary material.
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3. Results and discussion

3.1.Ni@xCuxAl-LDH catalyst characterization

3.1.1. PXRD

Assuming a 3R layer assembly, the powder XRD patterns of the catalysts (Fig.2) are quite comparable to
those commonly described in the literature for hydrotalcite materials intercalated with carbonate anions (PDF
N°00-054-1030) (Barbosa et al., 2005) (Zhou et al., 2011a). The peaks at low angles, 26=11°, 23° and 35°,
(dni=7.60, 3.79 and 2.57A, respectively) are attributed to the diffraction of the basal planes (0 0 3), (0 0 6)
and (0 1 2). The base peaks get sharper and more intense as the copper concentration increases (from sample
x:0.0 to sample x:2.0), suggesting that the solids become more crystalline as the copper content increases.
The (0 0 3) plane is typical of consecutive layer stacking along the ¢ axis. Mesh parameter c is calculated by
adding the thickness of the brucite layer (4.8 A) and the thickness of the inter-lamellar space (about 2.82 A
for carbonate anions): i.e. the value of the inter-planar distance between the (0 0 3) planes. The latter is
computed using the position of the first basal peak (0 0 3) in accordance with c=3.doos. The results are
provided in Table 2.

The initial peak of the doublet, about 2=60°, is caused by the diffraction of plane (1 1 0), which is independent
of the type of layers stacked and is used to determine cell parameter a (Cavani et al., 1991). The spacing
between adjacent cations within a brucite-like layer is given by lattice parameter a, which is defined as
a=2.d110. A change in the cation results in an alteration of the a parameter (A). Table 2 contains the values
for the cell parameters of the samples.

Additionally, cell parameter ¢ can be related to the columbic forces between the layers and the intercalated
anion. There is no variation in the ¢ values of the catalysts in this study, and the median value of dooz is 7.61
A (C. Yang et al., 2016). The doublet size of nearly 26=60° increases from sample x:0.0 to x:2.0, and the two
peaks are rather broad for sample x:0.0. Surprisingly, Ni?* (0.72A) has a higher ionic radius than Cu®*
(0.69A). This phenomenon can be explained in part by the Jahn-Teller effect, which states that Cu?* ions
cause the formation of octahedral deformed hydroxyl groups, which involves an increase in the a parameter.
The same phenomenon was observed when the ionic radius of the metal substituted in the Mg1.05sMo.0s/Al1
(M: Ca, Sr, Ba) was increased (Valeikiene et al., 2020).
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Fig.2. Powder X-Ray Diffraction (PXRD) patterns of Nie-xCuxAl-LDH with x:0.0; 0.5; 1.0; 1.5
and 2.0 catalysts
H: Hydrotalcite (00-054-1030), M: Malachite (00-001-0959) and G: Gibbsite (01-074-1775)

New lines appeared around 26=32°, 36°, and 53° that are characteristic of Cuz(OH)2(COz)-type malachite
phases, and other lines appeared around 26=38° and 44° that are characteristic of Al(OH)s-type gibbsite
phases in samples x:1.5 and x:2.0. Consequently, a phase mixture exists for this material, which reduces its
degree of purity. Britto (Britto & Vishnu Kamath, 2009) and Keffif (Kefif et al., 2019) came to the same
conclusion.

A statistically significant increase in crystallite size (Table 3) was obtained with the increase in copper; and
according to the X-ray diffraction analysis, the x:2.0 diffractogram shows better crystallization with a more
intense characteristic peak (003), reflecting larger crystallite sizes with a crystallinity index of 99.36%, but
with the presence of phases other than the LDH phase, such as malachite and gibbsite.

3.1.2. FT-IR

All of the bands observed in the FT-IR spectrum (Fig.3) were similar to those observed in a hydrotalcite-like
phase with carbonate anions COs? as the inter-lamellar anion (C. Yang et al., 2016). Thus, the active
absorption band in the range 3331-3400 cm™ was attributed to the valence vibrations (stretching) of the -OH
groups in the brucite layer and water molecules in the inter-lamellate space that are connected to carbonates
via hydrogen bonds. The vOH band unfolds as a result of the appearance of a disordered structure. As the

copper concentration increases, the band becomes sharper and shifts to higher wavenumbers, indicating that

10
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the hydrogen bonding interaction between the laminae and the carbonate/water interlayer molecules
increases.

A band at approximately 1640 cm™ corresponds to the H-O-H bending vibration of water molecules in the
inter-lamellate space (angular deformation) (Frost et al., 2003). This band shifts slightly to higher
wavenumbers as the Cu content decreases.
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Fig.3. FT-IR spectra of Nie-xCuxAl-LDH with x:0.0; x:0.5; x:1.0; x:1.5 and 2.0 catalysts

The absorption band corresponding to the antisymmetric vibration mode of the carbonate anions in the
interlamellar layers is located at 1369-1390 cm™ (Lépez et al., 1997). As the Cu content increases, this band
shifts slightly to higher wavenumbers. The band was observed in all samples, indicating that the carbonate
acts as a charge-balancing anion in the interlayer. Increased copper in the LDH phases decreases this band
as the LDH phase decreases (results confirmed by PXRD). These band position changes are most likely
caused by the Jahn-Teller distortion of the Cu(OH)s octahedra, which results in elongation along the c-axis
(A), facilitating hydrogen bonding with the interlamellar layer carbonate anion. Other carbonate anion
vibrational modes (out-of-plane bending) appear between 880 and 800 cm™, and their intensity increases as
the concentration of copper decreases, which is consistent with the PXRD results.

The bands below 600 cm™ are attributed to the vibrational modes of the M-O (M: Al, Ni, Cu) metal-oxygen
(Kloprogge & Frost, 1999) and M-OH metal-hydroxyl groups in the LDH lattice (Hui Wang et al., 2009),
but a strict band assignment is difficult due to the complex band profile and band overlap when more than

one metal is present (Palacio et al., 2010).
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3.1.3. TGA

The thermogravimetric analysis (TGA), which shows how the mass of a sample varies with the temperature,
is very useful for following the evolution of the composition. Generally, the thermal stability of LDH
materials depends on such factors as the nature of cations, cationic compositions, the nature of inter-lamellar

anions, the crystallinity of materials, etc. (Hui Wang et al., 2009).
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Fig. 4. TGA curves of NiexCuxAl-LDH with x:0.0; x:0.5; x:1.0; x:1.5 and 2.0 catalysts

The multi-step mass loss of type 4 according to the shape-based TG curve classification (Loganathan et al.,
2017) was observed by examining the thermograms in Fig.4 of our Nip-xCuxAl-LDH catalysts with x:0.0;
x:0.5; x:1.0; x:1.5 and 2.0. They revealed that our materials had undergone a multi-step decomposition
process, as has often been reported in the literature (Cavani et al., 1991) (De Souza et al., 2012).

The hypotheses put forward to explain these losses, especially the most important ones, can be summarized
as follows: 1) loss of physisorbed water between 60 and 200°C, 2) departure of structural water molecules
between 200 and 350°C, 3) departure of a large portion of the carbonates, above 350°C, resulting in the
destruction of the lamellar phase and the formation of oxides. Table S-1 (supplementary material) shows the
total mass loss for each temperature range, as well as the total mass loss of our catalysts over a temperature

range up to 500°C.
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The results given in Table S-1 show a considerable decrease in mass loss between room temperature and
200°C when going from catalyst x:0.0 to catalyst x:2.0. This decrease was influenced by the mesh parameter,
which increases from x:0.0 to x.2.0 (Table 3), and thus by the decrease in the charge density of the lamellae.
3.1.4. Elemental analysis

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

formulas, and the real molar ratios M2*/AI** and Ni%*/Cu?* are recapped in Table 2.

Table 2. Elementary analysis of NigxCuxAl-LDH catalysts with x ranging from 0.0 to 2.0 by ICP-OES and
TGA

Compositions (mg L™) Total mass Empirical formulas M#/AR*  Ni#/Cu?
Catalysts loss
Ni Cu Al (%) (mol/mol)
x:0.0 | 39.102 - 08.069 37.00  NioeesCUooooAlo20s(OH)2(COz)0.156.  2.22 0
0.1000H:0
x:0.5 | 31130 10.484 08.510 36.50  Nios30CuoiesAloa15(OH)2(COz)0.156.  2.20 3.21
0.0656H20
x:1.0 | 19.883 20.501 07.988 36.00  Nio339CuUo323Al0.206(OH)2(COz)0.155.  2.23 1.05
0.0633H:0
x:1.5 | 09.682 32.179 08.249 33.00  Nio1esCUososAlo.aos(OH)2(COs)0.156.  2.19 0.33
0.0583H:0
x:2.0 - 40.063 07.462 31.00  NiooooCuUoe30Alo276(OH)2(COz)0.152.  2.28 0.00
0.0385H:0

a Determined by ICP-OES
b Chemical formulas derived from ICP-OES and TGA results

The results obtained by ICP-OES in Table 2 show that the experimental molar ratio M?*/AIP* is very similar
to the theoretical value of 2.0. In addition, and as far as the samples containing copper are concerned, the
theoretical and calculated ratios are almost the same when Cu?* substitution occurs. This means that the
working conditions and the pH value chosen for the five multi-components synthesized were well respected.
The following notation Ni-xCuAl-LDH with x varying from 0.0 to 2.0 for sample identification was used
in this study.

3.1.5. ESEM-EDS

Fig. 5 shows a spectrum of EDS analysis obtained from the catalyst powder with x:0.0; 1.0 and 2.0.
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Fig.5. EDS analysis spectra of Ni@-x)CuxAl-LDH catalysts (a) x:0.0; (b) x:1.0 and (c) x:2.0

The EDS analysis of NigxCuxAl-LDH with catalysts x:0.0; 1.0, and 2.0 confirms that the material is
composed of nickel, aluminum, copper, oxygen, and carbon (Figures 5-(a), (b), and (c)). These results attest
to the formation of the hydrotalcite-type material and prove that the synthesized materials are pure, indicating
that these materials are rigorously washed during synthesis, except for the material with x:0.0, which exhibits

an unusual amount of chlorine.
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Fig.6. (A) Scanning electron microscopy (SEM) for Nie-xCuxAl-LDH catalyst with x:1.0 and
(B) Energy-dispersion X-ray spectroscopy (EDS) in 1, 2 and 3 regions

The elements were semi-quantified by EDS analysis with the quantitative ZAF method (Dunn, 1989), and
three points were measured in all samples. The content of Ni, Cu and Al is displayed in image 6-(B)
confirming the substitution of nickel by copper in LDH.

As shown in Fig.7, the morphology of LDH was also influenced by the substitution of nickel with copper.
Scanning electron microscopy images of Ni@-xCuxAl-LDH for the x:0.0 catalyst shows the lowest level of
crystallinity. This sample consists of a set of connected nanosheets, forming a sandy rose morphology, with
the primary particle size being less than 20 nm and 100 nm in the smallest and largest dimensions,
respectively.

The mechanism observed for the direct nanosheet growth with particles size reduction can be allotted to the
increase in the nickel substitution by copper, while passing from the image (a) to the image (e). Indeed, the
material for x:2.0 presents well crystallized particles of uniform size. By comparing these images obtained
by SEM with the diffractograms of various nickel substitutions in Fig.3, the best crystallinity of the material

x:2.0 can then be confirmed.
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Fig.7. Scanning electron microscopy (ESEM) for Nie-xCuxAl-LDH catalysts
(a) x:0.0; (b) x:0.5; (c) x:1.0; (d) x:1.5 and (c) x:2.0
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3.1.6. N2 physisorption
The N2 adsorption—desorption isotherm and corresponding pore size distribution curve for the Nig-xCuxAl-
LDH catalysts is shown in Fig.8.
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Fig. 8. (a) N2 adsorption-desorption isotherms curves and (b) pore size distributions calculated from
the branch of as-synthesized Ni@-xCuxAl-LDH catalysts

All samples exhibit a characteristic H3-type hysteresis loop (P/Po > 0.4), typical of materials with slit-shaped
pores formed by platelet aggregation, resulting in a broad pore size distribution (Fig.8-(b)) (Sing & Williams,
2004) (Bessaies et al., 2020). On the other hand, the N> adsorption/desorption isotherms revealed that the
specific surface area gradually decreased from 147.5 to 40.8 m? g and that the pore volume remained
relatively constant at around 0.23-0.38 cm® g as the Cu content increased. According to the IUPAC
classification, all catalysts exhibited a type Il isotherm, which is defined by the absence of a relative pressure
plateau (P/Po) near 1, indicating the presence of macropores. This pseudo-type Il property is associated with
the aggregate structure's non-rigidity.

For all catalysts, a sharp, high peak appears with a maximum around 3.7 nm. This shows that the small
mesopores are responsible for the porosity characteristics of these materials. The PSD curve for the x:0.0
catalyst is wider and larger than the other catalysts. All pores are larger than 2 nm and no macropores larger
than 50 nm were observed. Therefore, neither the micropores nor the uniformity of the pore structure is
accentuated, except for the catalyst with x:2.0 which has a more uniform pore structure.

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

3.1.7. pHpzx

Fig. 9 depicts the pHezc curve for the Nip-x)CuxAl-LDH catalysts. Three domains were found: 1) the domain
in which pH < pHpzc: pHr increases with increasing pHi; the surfaces of these LDH are positively charged

due to the protonation process of the hydroxyl, so our sample becomes an anion adsorbent; 2) the domain in
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which pH > pHpzc: pHr decreases with increasing pHi; the surface of these LDH are negatively charged due
to the deprotonation process of the hydroxyl, so our sample becomes a cation adsorbent; 3) the intermediate
domain: pHs remains constant with increasing pHi and the point of zero charge pHpzc is in this domain (Mak

Yu et al., 2019). The pHpzc values are represented in Table 3.
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Fig.9. Plot of pHpzc for the NixCuxAl-LDH catalysts (a) pHs-pHi versus initial pH, (b) pHr versus
initial pH
Table 3. Lattice parameters, textural properties and pHpzc of the catalysts
Surface Pore Average Crystallite  Crystallinity Lattice parameter
Catalysts | area g ney, ~ POrEsize PHezc size index g
SeeT (cm3 gl) dp (nm) a (%) b c (A) ¢ a (A)
(m2g?) (nm)
x:0.0 1475 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

& Average crystallite sizes in the c direction using the Scherrer equation (calculated using X Pert HighScore Plus
software).

b Crystallinity index (%) calculated using OriginPro 2021 software.

‘c= 3d003.

d a=2di1o0.

The relation between the pHpzc value and the molar ratio (Ni2*/Cu?") in the LDH phase is particularly
noteworthy. A decrease in the molar ratio leads to a structural expansion and, therefore, to an increase in
mesh parameter a and the inter-lamellar distance (results already confirmed by PXRD). In turn, there is a
decrease in the charge density of the lamellae, and a decrease of the pHpzc value, which has an influence on

the adsorption yield.
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3.2.Catalytic activity of the catalysts
3.2.1. Preliminary tests
Four preliminary tests of SPRW solution oxidation were carried out at 60°C:

- Aninitial SPRW oxidation reaction was carried out without a catalyst or H203;

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

hydrogen peroxide (H20>);
- Athird oxidation reaction was carried out in the absence of H.O; and in the presence of a catalyst;
- A fourth oxidation reaction was carried out in the presence of hydrogen peroxide (H202) and the
catalyst, .

Samples were analyzed by HPLC (Fig.S-2 and Fig.S-3) (Supplementary material). In the first three cases
(without catalyst or oxidant, without catalyst, and without oxidant, Fig.S-2), the HPLC chromatograms
obtained are identical to that of the initial solution, with the same retention times of the compounds, and with
some reduction in TOC with values (16.04%, 16.09% and 20.03%, respectively). This reduction is due to the
disappearance of 25.9%, 31.7% and 34.2% of toluene, respectively. Thus, for the third case, it should be
noted that the process combines heating and adsorption on the surface of the catalyst. It should also be pointed
out that the first reading of the HPLC chromatograms for the fourth case (Fig.S-3) shows that the compounds
have almost totally disappeared and that 49.2% of TOC is removed after 60 min and 65.2% after 90 min of
reaction. This proves that the oxidation reaction requires the presence of both the oxidant H>-O> and the
catalyst.
GC-MS results (Fig.S-4) showed that all starting compounds remained stable in the first two tests (Fig.S-
46(b) and (c)) (Supplementary material), no additional products appeared, phenols and naphthalene were
totally oxidised after 90 min of treatment (Fig.S-4-(d)) and some alkanes (nonane and hexadecane) were still
present.
According to the literature, aromatic organic compounds are degraded by LDH copper-based catalysts in the
presence of hydrogen peroxide not because they are adsorbed by these catalysts but because a catalytically
strong oxidant is produced, as has been demonstrated in several studies (Xie et al., 2021). It has been
demonstrated that the hydroxyl radical can be formed during the degradation of hydrogen peroxide in the

presence of transition metals (M) using the Fenton reaction (Eq.7) (Eroi et al., 2021):
k
M™ + H,0, - M™? + HO* + OH~ @)
Copper-based layered double hydroxides have the ability to increase the reactivity of hydrogen peroxide by

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

significant impact on the process described above.
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It is worth noting that these preliminary tests were carried out by fixing all the parameters: a H>O,/COD ratio
equal to 5, the mass of the catalyst Ni-CugAl-LDH with x:1.0 equal to 1.0 g L2, the pH of the initial
solution equal to pHpzc and the temperature equal to 60°C.

Considering these aspects, we present the results on how the parameters influence the oxidation of SPRW in
the presence of the x:1.0 catalyst. This catalyst was chosen for its pure structure and its copper-rich
composition.

- influence of H202/COD ratio;

- influence of catalyst amount in solution;

- influence of reaction medium temperature;

- influence of initial pH solution.

3.2.2. Effect of parameters on SPRW degradation

The effect of H.O, dosage and the amount of Nie-xCuxAl-LDH catalyst with x:1.0 on degradation were
investigated. Fig.10-(a) and (b) illustrate the results obtained with a fixed catalyst concentration of 0.4 g L™
and a variable H>.O>/COD ratio, and a variable catalyst concentration and a fixed H.O2/COD ratio of 5,
respectively. The importance of determining the optimal H202/COD ratio and amount of catalyst was clear,
which is consistent with the findings of numerous studies on Fenton reactions.

The H20> dosage used in the Fenton reaction is a critical parameter in the process. All experiments were
performed with pH adjustment: pHpzc. No degradation is observed in the absence of H20», indicating that
the adsorption of the compounds in these waters onto the catalyst is minimal.

In the Fenton-like experiments, the rates of TOC removed increased as the H202/COD ratio increased from
1 to 10; however, the increase in H202/COD was not evident at HoO./COD > 5 (Fig.10-(a)). A large excess
of H.02 may scavenge HO" to produce less active HO" radicals (Eq.3) (Xie et al., 2019). The HO" produced
can react with aromatic compounds; however, its oxidation capacity is lower than that of HO".

HO"; consumes HO" (Eq.8) when the concentration of HO"; is excessive in the system (X. Wang et al., 2021).
Thus, TOC removal decreases. Considering the oxidation ratio of aromatic compounds and economy, the

H>0,/COD ratio of 5 was reasonable under our experimental conditions.

HO; + HO* ks H,0 + 0, kg = 0.71 x 100 M~1s71 (8)
On the other hand, increasing the catalyst dosage from 0.1 g L™ to 0.4 g L significantly increased TOC
removal at an H.O./COD: 5 ratio. In contrast, when using a higher catalyst dosage (i.e., greater than 0.4 g L"
1, increasing the amount of catalyst used did not increase TOC removal (Fig.10-(b)). The same phenomenon
was observed when phenol was catalytically oxidized with hydrogen peroxide on CuNiAl-COs (Zhou et al.,
2011b), which is probably explained by the fact that when the amount of catalyst was increased, the transfer

resistance in the wastewater increased, hindering the contact between HO® and organic pollutants from
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SPRW. In addition, the decomposition rate of H2O> increased, revealing the increase in the generation rate
of HO". However, these generated radicals cannot spread into the solution smoothly because of the mass
transfer resistance. Instead, they react with each other and generate H,O> again (N. Wang et al., 2021).

To achieve a mineralization greater than 60% in 90 min, less than 0.4 g L* of catalyst and an H,0,/COD
ratio of 5 was required.

Fig.10-(c) shows that TOC removal increases rapidly with temperature, reaching 7.2% and 65.9%, at 20°C
and 70°C, respectively. Undoubtedly, higher temperatures (>70°C) would not be advisable considering the

cost of the oxidation reaction and the accelerated decomposition of H,O> at high temperatures according to

equation (Eq.9).

528 2H202 d 02 + 2H20
(a) (ArH = —195,2 k]J/mol)
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(b)
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Fig.10. TOC removal rates depending on time and (a) catalyst amount, (b) H202/COD ratio, (c)
temperature, (d) initial solution pH
(SPRW, H,0,/COD: 5, Ni@-xCuxAl-LDH: 0.4 g L, T: 60°C, reaction time: 90 min, pH: pHpzc)
The temperature at which SPRW is catalytically degraded by hydrogen peroxide is an important factor in the
degradation process. Considering the main reactive oxidant HO® in the Fenton-like process, the rate of

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

298 = —k[TOCI*[HO")? (10)

where [HO'], [TOC], a, and B represent the concentrations of hydroxyl radicals, total organic carbon, the

order of the reaction relative to the concentration of TOC, and the order of the reaction relative to the
concentration of HO", respectively.

The integral method and the differential method are the two fundamental strategies that we can use in the
process of analyzing the data obtained from isothermal batch reactors.

This investigation focuses on the integral method (Werner J. A. Dahm et al., 1996), which begins with the
functional form of a rate equation. The rate equation can be provided or a functional form proposed, such as
first or second order. The rate equation is then inserted into the equilibrium equation and the equilibrium
equation is integrated. The final step is to determine whether the integrated equation "fits the data" and, if so,
the values of the rate coefficients. By "fit the data,” we mean that the rate equation can predict how the
experimental data change as the reaction time or initial concentrations vary.

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

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

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

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

Hypothesis (1) is widely accepted in both homogeneous and heterogeneous oxidation systems (Lam & Hu,
2013). Since the amount of catalyst and the volume of the reactor are constant, equation 10 can be rewritten
as equation 11:

d[roc]

= —k[TOC]*[HO*]? (11)

There are three parts which influence the HO® concentration: (1) the reaction between H20> and surface Cu
species (Cu™) leading to the formation of HO" (as described in equation 12); (2) the reaction between SPRW
and HO" (as described in equation 13) and (3) the reaction between scavengers and HO" (as described in
Equations 14-16).

k
Cu* + H,0, — Cu?* + OH™ + HO" ki, =1%x10*M~1s~1  (Gallard et al., 2019) (12)

k
TOC + HO* = CO, + H,0 + products ki3 =10°—10°M~1s™! (Haag & David Yao, 1992) (13)
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k
H,0, + HO* = HO," + H,0 ki, =33x107 M~1s~! (Gallard et al., 2019) (14)

k
HO," + HO* = H,0 + 0, kis =6.6%x10°M1s™1  (Qiaoetal., 2012) (15)
k
HO* + HO® = H,0, kie =6%x10°M1s™1  (Bokare & Choi, 2014)  (16)

The decrease in HO" was due to the last three reactions (14, 15 and 16), so the concentration of HO as a
function of time can be described by equation 17:

0] = kyp[Cut][Hy05] — ku[TOCI[HO®) = 5, [S][HO] (17)

where [S] represents the concentration of the scavengers in solution, and ki, ki3 and kj represent the second-

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

change with time, i.e.:

d[HO®] _
—— =0 (18)

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

o1 _ kiplCut][H,0,]
(O] = s trociess ks (19)

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

A9 — _k'[Toc
dt

] ki2[Cut1[H,0;]
k13[TOC]+Y; k;[S]

(20)
In this study, the H2O> dosage is set at 1182.7 ppm to remove 67.61 ppm TOC. This value is eight times the
stoichiometric ratio described in equation 21 for total mineralization containing 67.61 ppm TOC.
[TOC] « [H,0,] (21)

As mentioned above, a large number of HO® radicals were consumed by multiple scavenger species in the
reaction process. Therefore, it can be concluded that k,5[TOC] is much smaller than Y; k;[S] and:

kis[TOC] + X ki[S] = X ki[S] (22)
Here, Equation 20 can be simplified as:

d[Toc]
8 = kg [TOC] (23)

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

The solution of 23 is:

[Tocle _

lnm = —k t (24)

The new constant Kapp can be easily obtained from Eq.24 by plotting In([TOC]«/[TOC]o) versus time, where

app-*

kapp 1S the slope of the straight line.
Additionally, by applying the Arrhenius equation (N. Wang et al., 2021) (Eg.25) to the kinetic data at various

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

Ink

-E
app = = +1n A (25)
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where A is the frequency factor (min™), Ea is the activation energy (kJ mol™), R is the gas constant (8.314 J
mol? K1), and T is the temperature (K).

By performing reactions at various temperatures (20, 30, 40, 50, 60, and 70 °C), the TOC disappearance
concentration is measured as a function of reaction time, so that the corresponding values of
In([TOC]¢/[TOC]o) can be determined (Fig.11). Lines represent the model fittings determined from equation
24 using the same reaction temperatures. A linear relationship with R? > 0.94 is obtained by comparing the
experimental and fitted TOC concentrations, which shows that the assumption of a=1 in Eq.10 is correct.

The slopes of straight lines can be used to calculate the values of Kapp, which are summarized in Table S-2
(Supplementary material). As the slope of the line (_T]fa) in Fig.12 is equal to -5388.8, the activation energy

(Ea) was calculated to be 44.803 kJ mol™ during the disappearance of TOC.
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Fig.11. Disappearance rate of TOC in the SPRW degradation
at different reaction temperatures using Nie-xCuxAl-LDH with x:1.0

24



609
610

611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

3,0 -

® In(k)=f(1/T)
In(k,"}=12.22704-5388.88342(1/T)
220.9976

-3,5

4,0 -

4,5

899)

In(k

5.0 -

.5,5 -

-6,0 S

-6,5

00029 00030 00031 00032 00033 00034  0,0035
1T (K")
Fig.12. Effect of the temperature on the rate constant
in TOC removal
(SPRW, H202/COD: 5, Ni@exCuxAl-LDH with x:1.0: 0.4 g L™,
reaction time: 90 min, pH: pHpzc)
The leaching of metals from the active species and the adsorption properties on the surface of catalysts were
also influenced by the initial pH value; for these reasons, the initial pH plays an important role in the Fenton
reaction and other reactions like it. Here, we studied the effect of pH on TOC removal from 0.4 g L™ of Ni-
xCUpAl-LDH with x:1.0 catalyst, in which the initial pH of the solution was adjusted with H>SO4 and NaOH.
The results are shown in Fig.10-(d).
Adsorption tests lasting 30 minutes at pH 5, 7, and 9 on 0.4 g L of Ni-xCuwAl-LDH with x:1.0 showed
greater adsorption at acidic pHs than at basic pHs. The pHpzc (zero charge point) of the x:1.0 catalyst is
around pH 7.5. This catalyst's surface in water can be modeled as LDH=Cu-OH, where it undergoes
protonation or deprotonation depending on the pH of the solution. When the solution contains a great deal of
H*, protonation occurs on the catalyst surface (Eq.26), whereas when OH" predominates, deprotonation
occurs (Eq.27). On the surface of the catalyst, both protonation and deprotonation result in a positive and
negative charge potential (Sa et al., 2013).
LDH = Cu—OH + H* - LDH = Cu — OHS (26)

LDH = Cu—OH + OH™ - LDH = Cu— 0~ + H,0 (27)
The adsorption capacities were 7.60%, 4.64%, and 3.20% for pH 5, 7, and 9, respectively. This removal of
TOC is mainly due to the adsorption of naphthalene (results confirmed by HPLC). The possible cation-n
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interaction between the positive catalyst surface and the benzene ring of naphthalene may explain these
results (Lam et al., 2021).
TOC removal was most efficient when the pH value was acidic (pH 5) (77.2% of TOC was removed after 90
minutes of oxidation reaction). This was due to the strong electrostatic attraction between the catalyst surface
and hydrogen peroxide, which causes the latter to be rapidly adsorbed or gathered near the catalyst for
activation. Since the charge density of the catalyst surface is not constant (i.e., it varies with pH), the force
of attraction and the generation of radicals also vary. The rate of radical production increases proportionally
with the charge density. However, a strongly acidic environment may be unfavorable for two reasons: first,
it promotes metal leaching due to dissolution and thus the phase change (Yadav & Dasgupta, 2022) of the
catalyst, which leads to the loss of active species and, since the heterogeneous reaction is the main driver of
organic matter decomposition, a considerable decrease in the efficiency of the catalyst for reuse; second,
hydrogen peroxide becomes more stable under strongly acidic conditions and forms oxonium and a large
excess of H* ions (equations 28 and 29), which inhibit its reaction with the active species (Cu) to generate
HO" (Luo et al., 2020).
H,0, + Ht = H,05 (28)
HO* + H* +é - H,0 (29)
At pHpzc, the charge potential is neutral, and the surface charges on the catalyst equilibrate to a neutral state.
In this state, hydrogen peroxide can only reach the catalyst surface through diffusion, which slows down the
activation rate.
In alkaline solution (pH 9), after 90 min the removal of TOC decreased considerably (9.4%); this could be
due to the generation of OH" species, which prevent the adsorption of H>O> and affect the generation of
hydroxyl radicals once they approach the active center (Navalon et al., 2010). In addition, self-decomposition
to H20 and Oz (Eq.9) in a strongly alkaline solution also reduces the efficiency of organic contaminant
removal (Qiao et al., 2012). Related results show that H20: in alkaline solution can produce HO>" to consume
HO" and H0: by the following equations (30) and (31):
H,0, & HO; + H* (30)
HO* + HO; - H,0 + 05~ (31)
These results were confirmed by HPLC and GC-MS analyses, which showed the disappearance of aromatic
components and the appearance of acids and other products at pH 5 and 7 (Fig.S5-5 and Fig.S-6)
(Supplementary material). These products are organic acids and alkanes almost all of which were nonanes
and hexadecanes. At pH 9, it was noted that the starting chemicals remained unchanged, and no other by-

products appeared.
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The evolution of the pH during the experiments was also monitored, and the results indicate that it gradually
declined as intermediates and/or organic acids were produced as oxidation products. This reduction in pH is
significant because it can also impact the mechanism of the reaction.

Our catalysts were used with the pH adjusted to pHpzc (6.9 < pHpzc < 8.1), which is close to the pH of the
solution (pH 8.0). This can simplify the pretreatment of wastewater, as the acidic pH is a pollutant factor,
and also prevent equipment in the industrial sector from corroding and our materials from decomposing.
3.2.3. Effect of the substitution of nickel by copper on SPRW oxidation

In this section, the effect of substituting nickel by copper on the oxidation of organic compounds present in
SPRW was examined by TOC analysis (Fig.13), HPLC chromatography (Fig.5-8) and GC-MS
chromatography (Fig.S-9).

100
80

70
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40
30
20
10

8
TOC removal (%)

e

Catalyst

Fig.14. TOC removal rates depending on the time and effect of the substitution of nickel by copper
on SPRW oxidation
(SPRW, H202/COD: 5, Ni@xCuxAl-LDH: 0.4 g L, T: 60°C, reaction time: 90 min, pH: pHpzc)
Ni@-xCupAl-LDH with x to 0.0 from 2.0 were used as catalysts to degrade organic compounds present in
SPRW via the Fenton-like reaction. The reaction conditions were chosen as the result of the previous series
of experiments and have been mentioned above (pH: pHezc, H20./COD: 5, catalyst: 0.4 g L™, reaction

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

Blank experiments were also performed at 60°C with (1) absence of both catalyst and hydrogen peroxide, (2)
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absence of catalyst only and (3) absence of hydrogen peroxide only. TOC removal was about 14% for the
first two experiments due to the thermal removal of a fraction of toluene and the persistence of all other
starting products (results confirmed by HPLC and GC-MS), suggesting that the compounds contained in
SPRW are difficult to mineralize in the absence of catalyst. For the third experiment the removal of TOC
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,
due to a slight adsorption of naphthalene on the surface of the catalysts. The larger the surface area, the
greater the removal (see Table 3). HPLC analysis shows that 51.4%, 47.8%, 42.8%, 40.9% and 25.5% of
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
of adsorption at 60°C, respectively. It should be pointed out that the process is complex because it combines
the thermal elimination of toluene and the adsorption of naphthalene. After 30 min, it is important to know
if naphthalene was desorbed into the reaction medium or if it remained fixed on the surface of the catalyst.
An infrared analysis (Fig.S-7) shows that new absorption bands appear: the first one between 3000 and 2800
cm® corresponds to the stretching =C-H bond; the second one between 1600 and 1430 cm™ corresponds to
the -C=C- stretching bond; the third one at 1100 cm™ corresponds to the -C-H in plane bending bond; and
the bands between 900 and 690 cm™ correspond to the -C-H out of plane bending bond of the aromatic
compounds. Comparing the spectrum of the catalyst after 30 min of adsorption with the spectrum of the same
catalyst after 90 min of reaction, the same absorption bands were observed, showing the persistence of
naphthalene on the catalyst surface.

Time 0 of the reaction started when hydrogen peroxide was added after 30 min of adsorption and the results
of TOC removal are plotted in Fig.13. TOC removal increases with the decrease in the Ni?*/Cu?* ratio. For a
Ni%*/Cu?* ratio of less than 1, more than 65% of TOC was removed.

In the coexisting system of catalyst and H2O2, the most active catalysts with x:1.0; 1.5 and 2.0 can mineralize
not only the starting aromatic compounds but also the aromatic intermediates into molecular organic acids
after 90 min of reaction.

Figures S-8 and S-9 (Supplementary material) illustrate the catalytic oxidation of organic compounds in
SPRW using various catalysts. Activity was high for catalysts with x:1.0, x:1.5, and x:2.0. Additionally,
given the low activity of x:0.0, it was clear that copper was the catalytically active phase (activation sites for
hydrogen peroxide and organic molecules), as evidenced by the fact that TOC removal increased as the
percentage of Cu?* increased.

However, Fig.13 indicates that the introduction of nickel decreases TOC removal. It is important to mention
that although TOC removal rates decrease to some extent with increasing nickel, the presence of nickel can
weaken the Jahn-Teller distortion for copper-based LDHs (see Fig.2). Combining the characterization and
activity results of Ni@-xCuxAl-LDH, the structure-activity relationship of the compound can be derived.

As shown in Tables 3 and S-3 (Supplementary material), no correlation is observed between the activity and
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the specific surface area of the catalysts. Therefore, the surface area of the Ni-x)CuxAl-LDH catalysts seems
to have little effect on catalytic activity: the catalysts with x:0.0 and x:0.5 have the highest specific surface
areas 147.5 m2 gl and 96.6 m2 g%, respectively, but are much less active than the catalysts with x:1.0, x:1.5
and x:2.0.
According to the results of HPLC analysis Fig.S5-8 (Supplementary material), the aromatic organic
compounds had completely degraded after 90 min of reaction for the catalysts with x:1.0, x:1.5 and x:2.0 and
some acids and other by-products appeared at retention times between 2 and 7 minutes. These results were
confirmed by the GC-MS analysis Fig.S-9 (Supplementary material). Nonane and hexadecane persisted for
all the catalysts and phenol, toluene, o-cresol, xylene, and naphthalene completely disappeared for the
catalysts with x:1.0, x:1.5 and x:2.0, while other alkanes and organic acids appeared. On the other hand, for
catalyst x:0.0 no starting products disappeared, except for small fractions of toluene and naphthalene; and for
the catalyst with x:0.5 traces of o-cresol and naphthalene were detected, always with the persistence of
alkanes. At the given reaction time intervals, samples were taken and analyzed by HPLC. Taking into
consideration the temperature of the reaction medium and its effect on the kinetics of the reaction, a
quenching process was carried out; Fig.S-10 (Supplementary material) gives the HPLC chromatograms of
the degradation of the aromatic organic compounds present in SPRW catalyzed by x:1.0. Although they
cannot be identified separately, the main intermediates of the reaction were found to be aliphatic acids with
retention times lower than 7 minutes (Naffrechoux et al., 2000).
During the first 30 min, the aromatic organic compounds decrease considerably at the same time as, the
reaction intermediates form. These intermediates gradually decrease as the reaction time increases, and all
the starting organic substances are completely degraded except the alkanes after 60 min.
Fig.13 shows that 6.3%, 28.7%, 65.2%, 66.9% and 74.8% of TOC was removed after a 90-min reaction
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%
and 25.2% TOC for the catalysts with x:1.0, x:1.5 and x:2.0, respectively, consisted of starting nonane and
hexadecane and the recalcitrant alkanes produced.
To be oxidized, these saturated molecules require very extreme reaction conditions or very strong reagents
(Liu et al., 2019) because the lack of electron pairs in their components, carbon and hydrogen, means that
they have recalcitrant properties (Rajasekhar Pullabhotla et al., 2008). Alkanes are oxidized by hydroxyl
radicals when a hydrogen atom is abstracted to form water according to equation (32), while aromatic
compounds are abstracted by electrophilic addition according to equation (33) (Zaviska et al., 2009).
1st case: elimination of a hydrogen atom

RH, + HO® - RH* + H,0 — hydroxylated products (32)
2nd case: addition of the HO" radical to the organic compound R

R + HO® — RHO® - oxidized products (33)
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3.2.4. Proposed Nie-xCuxAl-LDH catalysis mechanisms
The following is a mechanism based on electron transfer between metals in brucite-like sheets and the
generation of HO"radicals:
Since H20; is considered to have a skewed chain structure, the binding energies between two atoms in
hydrogen peroxide are useful for estimating the formation of active species in degradation (Zhu et al., 1998).
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
in the H202 molecule can obtain an electron from another substance such as Cu* to produce HO and OH ™,
according to equation (4).
In the degradation process of aromatic organic compounds catalyzed by NigxCuxAl-LDH, hydrogen
peroxide can first adsorb on the surface of the catalyst and then get an electron from Cu* ions to produce
Cu?*, HO"and OH" ions. HO" can then react with the aromatic compounds to produce intermediates, organic
acids, and alkanes. Finally, Cu?* can be easily reduced by electron transfer between Ni?* and Cu?* in the
brucite-like sheets, according to reaction (34), and the highly dispersed MOg octahedra in LDH also facilitate
electron transfer (Mohapatra Lagnamayee, 2014). The quencher test should be performed for proving the
HO" radicals formation (J. Yang et al., 2022).

Cu?* + Ni?* - Cu'* + Ni3* (34)
However, the influence of the trivalent metal in LDH on the catalytic activity requires further study.
In addition, the abundance of hydroxyl groups on the surface of the LDH sheets can have positive effects on
catalytic activity: they make LDH very hydrophilic, promote the proximity of organic compounds and
hydrogen peroxide to active sites and the well-ordered layer structure can provide a lot of space, which is
important for the degradation reaction (Rives et al., 2003). This result was confirmed by calcining the catalyst
with x:1.0 at 320°C to obtain mixed metal oxides. Based on TGA analysis, this calcination decomposes these
hydroxyl groups, and destroys the lamellar structure of LDH. A loss of catalytic activity was observed in the
calcined material, in which TOC removal is reduced from 65.2% to 47.8%. It should also be pointed out that
the presence of anions in solution can also play a role in the degradation performance, because this presence
of anions in solution makes the structure of calcined LDH well-ordered because of the memory effect of
LDH (Gao et al., 2018).
In summary, based on the above discussion, the Ni-xCuxAl-LDH catalyst with x:1.0 is probably the best
of the catalysts tested: it has not only Cu* cations as the catalytic active species, but also a well-ordered and
well-crystallized pure LDH structure.
3.2.5. Stability of catalyst during regeneration
A comparison of catalytic performance in multiple tests had been performed to check the stability of Ni.

xCUxAl-LDH catalyst with x:1.0. This catalyst was recovered by simple filtration, washed, and dried. Then
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it was reused for SPRW degradation. HPLC results showed that this catalyst could still mineralize 100% of
aromatic organic compounds after five runs. After the fifth reuse, the conversion rate decreased with the
number of reuse cycles. This decrease is probably due to the adsorption of naphthalene on the catalyst surface,
which prevents the contact between hydrogen peroxide and the catalyst surface from producing the hydroxyl
radicals.

3.2.6. Comparison of catalysis performance

The efficiency of the Nip-x)CuxAl-LDH catalyst prepared was compared with ternary copper-based catalysts
for the degradation of organic pollutants in wastewater and the results are presented in Table S-4
(Supplementary material). Previous studies (Zhu et al., 1998) (Dubey et al., 2002) (Zhou et al., 2011a) (Rives
etal., 2001) (Kannan et al., 2005) (Hao Wang et al., 2018) (Hao Wang et al., 2020) have reported that copper-
based catalysts can catalyze the Fenton-like reaction of phenol. However, in the literature, few studies apply
AOP to treat petroleum refinery wastewater, and most of the ones that do use synthetic or real single
component wastewater (Antonyraj & Kannan, 2011) (Dai et al., 2021). In addition, they usually use such
high amounts of reagents that they are above the discharge limits (Coelho et al., 2006) (Santos et al., 2006)
(El-naas et al., 2014).

This study confirmed that the Ni@-x)CuxAl-LDH with x:1.0 catalyst can catalyze the Fenton-like oxidation
reaction not only for phenol but also for a mixture of aromatic organic compounds such as phenol, toluene,
o-cresol, xylene, and naphthalene, using water as the reaction medium. The parameters influencing the
oxidation reaction were optimized, and the results confirmed that only 0.4 g L™t was required to reduce TOC.
However, other copper and non-precious metal catalysts (Baldrian et al., 2004) (Pradhan et al., 2013)
(Priyanka et al., 2014) (Y. Wang et al., 2015) for the degradation of organic pollutants in wastewater have
been studied in the literature (Table S-5, Supplementary Material). It should be noted that in many cases,
acidic solutions or toxic organic solvents have been used to effectively regenerate copper-containing
catalysts, while simple sample filtration has been successfully applied for the regeneration of the Ni-
xCUxAI-LDH catalyst.

4. Conclusions

SPRW was treated efficiently by a Ni-xCuxAl-LDH catalyzed Fenton-like process with x:0.0, x:0.5, x:1.0,
x:1.5 and x:2.0. The preparation and characterization of the catalysts, optimization of the SPRW treatment
process, degradation kinetics of organic compounds, and pre-improvement mechanisms of Nig.xCuAl-
LDH catalysis were studied. The conclusions are as follows:

(1) The NipxCuxAl-LDH catalyst with x:1.0 seems to be the best of the prepared catalysts, in terms of
crystallinity and purity.

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

e The interlamellar space decreased and the distance between the two adjacent atoms increased, which
is surprising because the ionic radius of nickel is larger than that of copper. For copper-rich catalysts
(x:1.5 and x:2.0), new phases such as malachite and gibbsite appeared with the hydrotalcite-type
phase.

e The decrease in the mass loss between room temperature and 200°C corresponds to the loss of the
physisorbed water molecules at the surface of the catalyst and was influenced by the mesh parameter
a and thus by the decrease in the lamellar charge density.

e A type Il adsorption isotherm was observed forming interparticle porosity, with a progressive
decrease in specific surface area and a large H3 type hysteresis loop with slit-shaped pores formed
by platelet aggregation.

(3) Blank experiments for SPRW treatment at 60°C showed thermal removal of a toluene fraction and slight
adsorption of naphthalene on the catalyst surface.

(4) Under the optimal SPRW treatment conditions (H202/COD: 5, catalyst amount: 0.4 g L™, pH: pHpzc,
reaction time: 90 min and temperature: 60°C), the catalytic activity of the NipxCuxAl-LDH catalyst
increases with increasing copper content. The catalyst with x:2.0 shows the highest activity, a TOC removal
of 74.8%. It should be noted that this catalyst presents phases other than the hydrotalcite phase such as
malachite and gibbsite.

(5) HO' radicals might play a leading role in the degradation of aromatic organic compounds present in
SPRW and the rate at which they are generated can be accelerated by increasing the Cu* content on the
catalyst surface.

(6) TOC abatement follows the pseudo-first order kinetic model with an activation energy value of Ea:
44.80 kJ mol ™,

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

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