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ABSTRACT ARTICLE HISTORY
Co-precipitation was employed to synthesize copper-based layered double hydroxides, which Received 29 August 2023
were subsequently utilized as heterogeneous catalysts for the ozonation of 4-nitrophenol in Accepted 17 October 2023
aqueous solutions. Various analytical techniques, including X-ray diffraction (XRD), Fourier- KEYWORDS

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and thermogravi- 4-nitrophenol; Advanced
metric analysis (TGA), were utilized to characterize CuAl-CO5; and CuAlsqe.The catalytic activity of oxidation process; Catalytic
CuAl-CO5 was evaluated under different reaction conditions. Notably, at pH 11 and 25 °C, CuAI-CO3 ozonation; Layered double
exhibited high catalytic efficiency in the ozonation of 4NP. Increasing the catalyst dose, initial pH, hydroxides; Ozonation;
and temperature led to enhanced 4NP degradation. An optimal pH of 11 and a catalyst dose of 0.3 Wastewater treatment

g. L' resulted in the removal of 78.6% of the initial 4NP concentration. Additionally, ozonation

proved to be more efficient at temperatures of 10 °C and 55 °C. The kinetics of 4NP ozonation over

CuAl-CO3 and CuAl500 followed a pseudo-first-order reaction. Furthermore, the study demon-

strated that CuAl-COs; and CuAlsgo exhibited stability and repeatability across multiple reaction

cycles, highlighting their potential for continuous catalytic applications. Overall, this research

emphasizes the effectiveness of CuAl-COz; and CuAlsqy, as reliable heterogeneous catalysts for

the ozonation of 4NP. The results contribute valuable insights into the development of advanced

oxidation processes for the treatment of wastewater containing organic contaminants.
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Introduction . - :
concentrations, makes it vital to emphasize the concerns

With uses in petrochemicals, medicines, dyes, petro-  associated with its presence in industrial effluents and
leum refineries, pesticides, herbicides, and explosives,  agricultural wastes, which can contaminate nearby
phenol and its derivatives, such as p-nitrophenol, are =~ watercourses (Hamidouche et al. 2015). Due to the
present in a number of productive sectors (Arasteh etal.  aforementioned compounds’ unique properties, such
2010). The toxicity of 4-nitrophenol, even at low  as their solubility in water and the possibility for the
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production of substituted species, there is a risk to both
human and environmental health (Kordic¢ et al. 2018).

Nevertheless, research has shown that 4-nitrophenol
is more resistant to degradation than other species of
comparable size, with total destruction taking 64 days
(Van, Steven and William 1980). As a result, the United
States Environmental Protection Agency (USEPA) has
listed 4-nitrophenol as one of the most dangerous pol-
lutants (Mahmoud and Nabil 2017). According to the
literature, the acceptable limit for 4-nitrophenol in nat-
ural waters is in the range of 0.01 and 2.0 mg/L (Kupeta,
Naidoo and Ofomaja 2018). With regard to the harmful
qualities of p-nitrophenol, there are already accessible
water treatment strategies to eliminate this substance,
including extraction (Zhang et al. 2015), photocatalytic
degradation (Deng et al. 2018), electrochemical oxida-
tion (Zaggout and Abu Ghalwa 2008), adsorption, and
catalytic ozonation. This final one provides advantages
such as simplicity of use, and as a result, many sorts of
studies on this subject are conducted utilizing various
types of catalysts, such as metal-organic frameworks
(Chen et al. 2017) and modified carbon (Shao and
Huang 2017).

The use of layered double hydroxides (LDH) is
a new potential catalyst to remove 4-nitrophenol
from fluids. Elisabetta Orfei and its collaborators
studied the catalytic performance of Ni, Fe and Cu
based layered double hydroxides in the removal of
4NP using NaBH, (Orfei et al. 2023). These sub-
stances are also known as hydrotalcite-like systems
or anionic clays. The typical formula for these sub-
stances is [M" (1-x) M" (OH),] (A™)yn.zH,0,
where M and M"" are divalent and trivalent metal
cations, respectively, and An-denotes an n-valent
anion. As a result, these materials may be identified
by the alternation of layers created by metallic diva-
lent (like Mg** or Ni** or Ca*" or Zn** or Cu®") and
trivalent (like AI’* or Fe’*) cations and interlayers
containing exchangeable anions (like CO?%;, NO?3,
or Cl") and water molecules. Because of this, LDHs
offer a wide range of synthetically feasible composi-
tions and metal-anion combinations (Mishra, Dash
and Pandey 2018). Layered double hydroxides pro-
vide great chemical stability, compositional flexibil-
ity, and a broad interlayer surface to host a variety of
anionic species (Pavlovic, Ulibarri and Hermos:
2002).

An important process frequently employed to elim-
inate harmful chemicals from environmental media is
the ozonation of p-nitrophenol. Although it has been
shown that catalysts (such as metals supported on oxide
powders) can speed up chemical processes (such as the
reduction of nitrophenol), catalytic ozonation of

4-nitrophenol (4NP) with CuAl-CO; and CuAlsg, was
investigated in this study.

Experimental
Reagents

The chemicals used to create CuAl-CO; and CuAlsg
were CuCl,.2H,O (Sigma-Aldrich, 99%), Al,O;,
S5.18 H,O (Biochem, 99%), NaOH (Biochem, 97%), and
Na,COj; (Sigma-Aldrich, 99.5%). 4-nitrophenol Reagent
Plus® (purity >99%) from Sigma Aldrich was used to
make a standard solution of the compound. All experi-
mental solutions were made from the stock solution by
adding deionized water, Acetonitrile HPLC Plus
(Sigma-Aldrich 99.9%) was used for the HPLC system,
while Hydrochloric Acid ACS Reagent (MERK, 37%)
and NaOH (Biochem, 97%) were employed to stabilize
pH. The stock solution was used to produce all experi-
mental solutions. All chemicals were used without any
purification beforehand.

CuAI-CO; and CuAlsy, catalyst synthesis procedure

The CuAl-CO; material containing carbonate ions
intercalation was created using the co-precipitation
technique illustrated in (Figure 1) in aqueous solutions
at a constant pH of 10, a molar ratio of Cu**/AI>* of 2.
A 200 mL solution with the proper concentrations of the
metal ions Cu®" and AI’* was added dropwise to a basic
solution of NaOH and Na,CO;, which was then con-
stantly agitated for three hours. To facilitate the crystal-
lization of the existing structure, the mixture had to
ripen by being kept at 70 °C for 18 h. They were then
collected and given several rinses in distilled water to
remove the previously present sodium, chloride, and
sulfate ions. The final item was cleaned and 20 h of
drying at 80 °C were followed by homogeneous powder
production. Some of the powder generated was sub-
jected to a 6-h calcination process at 500 °C to create
calcined CuAlsy, LDH.

CuAI-CO; and CuAlsg, catalysts characterization

Powder X-ray diffraction (XRD) patterns were recorded
using a monochromatic Cu-K1 radiation source and
a PXRD Porto benchtop power diffraction equipment.
They were recorded throughout an angular range of 5-
80 degrees with 0.02-degree steps and a 2-second step-
counting interval. An x-ray tube made of copper that
was running at 30 kV and 20 mA produced cu-k radia-
tion. The PANalytical X'pert HighScore Plus software
was used to process and evaluate patterns. The phases
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Figure 1. Synthesis of CuAl-CO; LDH CuAlsoo LDH protocol.

were identified using the American Mineralogist crystal
structure database and the Crystallography Open
Database (COD, 2019).

Catalysts are examined using an Agilent
Technologies spectrophotometer. The KBr was used as
a support after pelletizing, and the investigation’s spec-
tral spectrum spans from 4000 cm™" to 400 cm ™.

To confirm the shape of the produced catalysts,
a  Quattro Environmental Scanning Electron
Microscope (ESEM) for the investigation of materials
in their natural form was utilized.

The BET surface areas and nitrogen adsorption-
desorption of our catalysts were determined using the
Brunauer- Emmet-Teller (BET) technique, using N2
physisorption analysis utilizing QuandraSorb SI
Models 4.0 with the QuandraWin Software (quanta-
chrome Instruments, v. 5.0 + newer) instrument at 77
K. Prior to measurement, each sample was outgassed for
6 h at 373 K in the instrument pre-chamber (FloVac
Degasser, Quantachrome Instruments) under vacuum
(6 mTorr) to eliminate adsorbed species.

Studies involving thermogravimetry were carried out
using the TGA 51 Shimadzu. Samples were heated at
a constant rate of 10 °C per minute to 900 °C.

The point of zero charge (pHpyzc) was determined
using the salt addition technique at room temperature,
according to (Radji et al. 2022):

(1) A 25mL solution between the pHs of 2 and 12
was prepared;

protocol

< . Washing

— = | 6 time
———"""'Jwith H.0

(2) 1M of either HCl or 1 M of NaOH was added to
the solution to adjust the pH;

(3) 25 mg of each catalyst was added to the solution
and stirred for 24 h;

(4) after decantation, the final pH of the solution was
measured, and the following curves were drawn:
pH; and pH¢ have the formulas pH¢ = f(pH;) and
(pHepHy) = f(pH).

For measuring pH, an Adwa pH-meter (model AD1030)
was used, and the Sigma 2-16P centrifuge (made by
Hettich, Germany) was utilized for the catalyst produc-
tion. The suspended elements that were most likely
present in the actual samples were taken out using
a Millipore membrane filter (0.45 um).

Catalytic ozonation process

Heterogenous Ozone experiments were conducted with
a 100 mL solution in a glass flask. Ozone (500 mg h™")
was introduced with magnetic stirring to CuAl-CO; and
CuAlsg catalyst. The mixture was maintained at the
temperature necessary for a 30-min reaction.

The quantity of catalyst, the temperature, and the pH
of the solution were just a few of the many factors that
looked at as they affected the ozonation. The starting
concentration of 4-Nitrophenol was adjusted at 100 mg/
1, and the catalyst quantity was modified from 0.1 to 0.6
g L™". An oxidation with 500 mg h™' of O3 was carried
out for 30 min. Using the same method, the temperature
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of the 4-Nitrophenol oxidation process was changed
from 10 to 65 °C.

Indicating the quantity of the catalyst at 0.3 g L' and
the 4-nitrophenol concentration at 100 mg L™". The
solution’s pH ranged from 3 to 11. After the experimen-
tal conditions are optimized, the elimination of the
COD in 4 h is monitored, and a kinetic analysis to
ascertain the reaction’s rate constant is also assessed.

Finally, we compared the two catalysts CuAl-CO;
and CuAlsqy LDHs by looking at the kinetics of the
reaction using the CuAlsy, catalyst in 1 h and its effi-
ciency in reducing COD in 4 h using the phenomenon
under the same previous optimum conditions (catalyst
mass of 0.3 g.L™", concentration 100 mg. L™', ambient
temperature, and solution pH without modification
= 5.42).

The HPLC system (1220 LC System VL) was made up
of the Waters quaternary pump, VWD detector, manual
injector, and OpenLab software for peak detection and
integration. Chromatographic separation was carried
out using an Agilent Technologies C18 column that
has a length of 150 mm, 5 um, and 4.6 mm. The mobile
phase was supplied at a flow rate of 1 mL.min"" through
the separation column and was composed of a 40:60
volume ratio of water and acetonitrile. The UV detector
was operated at a wavelength of 318 nm to detect
4-nitrophenol.

Results and discussions
CuAI-CO; and CuAlsgo characterizations

The evolution of the composition may be followed
using thermogravimetric analysis (TGA), which
demonstrates how a sample’s mass changes with
temperature. In general, variables like the nature of
the cations, cationic compositions, the nature of the
inter-lamellar anions, the crystallinity of the mate-
rial, etc. affect how thermally stable LDH materi-
als are.

By looking at the thermograms of our CuAl-CO;
LDH catalysts in Figure 2, we could see the multi-step
mass loss of type 4 according to the shape-based TGA
curve categorization.

They demonstrated that our materials had under-
gone a multi-step breakdown process, as has frequently
been described in the literature (Radji et al. 2022).

Following is an overview of the theories proposed to
account for these losses, particularly the most significant
ones:

(1) loss of physiosorbed water between 60 and 100
°C.
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Figure 2. TGA analysis of CuAl-CO; LDH and its 1° derivative.

(2) departure of structural water molecules between
150 and 200 °C.

(3) departure of a substantial number of carbonates
beyond 250 °C, leading to the disintegration of
the lamellar phase and the creation of oxides.

Diffraction peak series at 11°, 23°, 35°, and 60° are
visible in the CuAl-CO; LDH sample’s XRD pattern
in (Figure 3). These peaks are consistent with crystal
plane reflections (003), (006), (009), and (110) in the
LDH phase (Choi, Tan Lee and Bong Lee 2023).
A comparison between the identification and the
(Dubey, Rives and Kannan 2002) data was made. The
broad diffraction peaks reveal the relatively small par-
ticle size. Scherrer’s equation was employed to calcu-
late the crystallite size in order to confirm this
presumption, and the findings revealed that the aver-
age crystallite size was 1.56 nm. Additionally, the
strong (003) diffraction peak is a result of the sequen-
tial stacking of layers along the c-axis (Zhang et al.
2005), as evidenced by the basal spacing d (003) (0.76
nm), which is the same as the value previously reported
in the literature (Zhang et al. 2005). As a result, we can
draw the conclusion that layered structures hydrotal-
cite-like are obtained.

According to the results of the XRD examination of
the heat-treated materials, weakly crystalline copper
oxide with the Hightscore COD2019 and peaks at 26,
36,39 and 68 degrees was formed Figure 3. In compared
to a pure copper oxide, these peaks are somewhat dis-
placed to higher 20© angles. This is a result of the addi-
tion of aluminum to the CuO framework, which led to
the synthesis of a mixed-metal oxide. There were no
peaks identified as transition metal oxides. CuAlsgg
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Figure 4. FTIR Spectrum of CuAl-CO3 and CuAlsoe LDH.

LDH sample XRD patterns do not exhibit the develop-
ment of spinel-type crystalline phases.

Using the FTIR approach, it is possible to recognize
the LDH’s internal structures as well as the interca-
lated anions between LDH layers. Figure 4 presents
the FTIR spectra of CuAl-CO; LDH. In a wide
absorption band in the vicinity of 3300-3500 cm™,
the OH stretching frequency of the CuAl-CO; LDH
was seen (Benito et al. 2008; Choi, Tan Lee and Bong
Lee 2023)- (Xu and Zeng 1998). For both asymmetric
and symmetric stretching vibration, the absorption
bands associated with the carbonate anion generally
emerged at around 1450 and 880 cm™', respectively

(Prikhod’ko et al. 2001; Rajamathi and Kamath
2003). It was determined that the MO and OMO (M:
Cu or Al) stretching vibrations were responsible for
two distinct absorption bands at 590, 637 cm™". Due to
the AlO bond associated with the [AlO4]>" structure,
a medium absorption band (450 cm™!) is visible in the
CuAl-CO; LDH spectrum (Choi, Tan Lee and Bong
Lee 2023; Prikhod’ko et al. 2001; Radji et al. 2022;
Rajamathi and Kamath 2003).

The calcinated product’s infrared spectrum repre-
sented in (Figure 4) reveals a relative reduction in the
strength of the absorption bands typical of water mole-
cules (at around 3400cm ' and 1640cm™).
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Additionally, we noticed that the band around 1359-
1389 cm ™' is still audible. While the bands recorded
below 1000 cm™" primarily correspond to the modes
produced by the spinal phase, the low intensity of this
strip, compared to that observed for the starting mate-
rial, suggests that carbonate ions are adsorbed to the
surface of the grains of the calcinated material. The
presence of these would be caused by atmospheric car-
bon dioxide contamination (Cavani, Trifird and Vaccari
1991; Radji et al. 2022).

Figure 5a depicts the LDH sample’s morphology. In
the CuAl-CO; LDH, hexagonal plate-shaped precipi-
tates were formed.

Polyhedral crystals were produced in the CuAl-CO;
LDH. Consequently, the hexagonal plate-shaped crys-
tals probably developed under low supersaturation
environments (Taishi et al. 2015).

The CuAl- CO; LDH material is confirmed to be
made of aluminum, copper, oxygen, and carbon by the
EDS analysis shown in Figure 5b. The creation of the
hydrotalcite-type material is attested to by these data,
which also demonstrate the purity of the synthesized

= vacmode

W mode mag = vacmode
10.6um SE_ 12000x _Highvacu

components and show that they underwent stringent
washing procedures.

In the CuAlsg, precipitates in the shape of flowers
were appeared according to Figure 6a. The irregularly
shaped precipitates may be low-crystalline LDH and/or
y-AlOOH, whereas the flower-shaped precipitates were
CuAlsg crystals (Taishi et al. 2015).

In order to demonstrate the decarbonatation of the
LDH and the loss of the intercalary anions, the EDS
analysis of CuAlsyg, shown in Figure 6b, indicates that
the material is made of aluminum, copper, oxygen, and
no carbon was founded. The creation of the mixed
oxides substance is attested by these findings, which
also demonstrate the purity of the synthesized
components.

To investigate the specific surface area, the N,
adsorption-desorption isotherms of the produced sam-
ples were obtained (Figure 7). The isotherm type IV was
identified for CuAl-CO; LDH, and CuAlsy, LDH, indi-
cating the mesoporous nature of the synthesized mate-
rials, according to IUPAC classification. Similarly,
previous research showed CuAl-CO; LDH isotherm

00) 067 134 201 2;‘ X;S an a6 536 i 603
Lec200  2Cots  6390keV  Det Octane Bect Phus
6ZAF Smart Quant Results
Element Weight % Atomic %  NetInt Error % Kratio Z A F
CK 437 8313 903 19.90 00281 1077 05974 1.0000
Cul 36.20 13.03 5283 7.55 0.2582 0.7419 0.9615 1.0000
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Lc200  OCht  6390kev et Octane Elect s
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Element Weight% Atomic% Netint.  Error % Kratio Z A E
oK .16 6196 .11 657 0.3065 10849 08520 1.0000
AK 1033 145 16.65 1762 00826 09644 08285 1.0006

Figure 6. (a) SEM image of CuAlsy, LDH (b) EDS analysis of CuAlsqo LDH.
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type IV (Radji et al. 2022). CuAl-CO; LDH had a BET
surface area of 7.831 m”. g ', which grew to 49.067 m’.
g " after 500 °C calcination.

The CuAl-COj; and CuAlsyy LDH pHpyc curve is
shown in Figure 8. There were identified as fol-
lows: 1) the domain in which pH < pHPZC: pHf
increases with increasing pHi; the surfaces of these
LDH are positively charged due to the protonation
process of the hydroxyl, so our sample transforms
into an anion adsorbent; 2) the domain in which pH
> pHpzc: pHf decreases with increasing pH;; the
surfaces of these LDH are negatively charged due
to the deprotonation process of the hydroxyl, thus
making our sample a cation adsorbent; The point of

OZONE: SCIENCE & ENGINEERING (&) 7

zero charge, or pHpyc, is in the third domain, the
intermediate domain, where pH; remains constant
while pH; increases (Mak Yu et al. 2019; Radji
et al. 2022). The PHpzc values of the CuAl-CO; and
CuAlsg, catalysts in our case are 6.1 and 7.4,
respectively.

Catalytic activity

The oxidation characteristics of a solution of 4-nitro-
phenol (4NP) ([4NP] =100 mg L) are improved in
this part using ozone as an oxidant and CuAl-CO; and
CuAlsgo materials as catalysts. To evaluate the efficacy of
the strategy, three pilot trials were carried out. For the
first test, the material was exposed to the 4NP solution
for one hour in order to determine how well the 4NP
adsorbs on the catalyst. In contrast to the second test,
which involved an hour-long oxidation of 4NP using
just O3, the third test used an hour-long catalytic oxida-
tion of 4NP (4NP+O;+catalyst). According to the
results, catalytic oxidation must be done in order to
drastically lower 4NP levels. We must adjust the factors
that affect catalytic oxidation, such as catalyst concen-
tration, pH, temperature, and reaction duration.

CuAl-CO; LDH in a mass series ranging from 100 to
600 mg. L' was evaluated by monitoring the opera-
tion’s progress for 30 min in order to find the ideal
mass of CuAl-CO; LDH as a catalyst for the ozone-
induced degradation of 4NP.

The mass of the catalyst increases along with an
increase in conversion rate Figure 9; this rise is caused
by an increase in the quantity of active sites on the
catalyst’s surface (Guzman-Perez, Soltan and
Robertson 2011; Huang et al. 2017). A little drop
appears above a mass of the catalyst corresponding to

Conversion rate (%)

0 100 200 300 400 500 600 700
Catalyst mass (mg)

Figure 9. The effect of CuAl-CO; mass on the ozonation of 4NP.
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300 mg. L', which may be the consequence of the
superposition of the active sites, which inhibits the
pollutants from adhering to the surface of our catalyst.
When the mass is 500 mg. L', a rise is then seen,
demonstrating that the number of active sites was for-
merly more substantial. Ozone degassing can reduce
yield when the mass is 600 mg. L™ 'due of the critical
catalyst concentration.

The rate of ozone decomposition in aqueous solu-
tions is greatly influenced by pH, and it accelerates as
pH rises (Beltran 2003). According to Figure 10, which
depicts the results of studies performed at pH values of
3.2, 6,8.3,10 and 11.8, the removal efficiency rose from
60 to 99% in 30 min of reaction as the pH climbed from
3.2 to 11.8, with 11.8 serving as the process’ ideal pH
(Shokri, Mahanpoor and Soodbar 2016). Since there
were relatively few hydroxyl radicals formed at pH =
3.2, there were only limited radical reactions. At acidic
conditions, the direct molecular ozonolysis was quite
prevalent. Ozone was immediately reacted with the pol-
lutant, and it appeared that the double bonds of the 4NP
ring were disrupted by the ozonolysis. The potent oxi-
dants known as hydroxyl radicals, on the other hand, are
created when ozone and hydroxide ions mix at high pH.
Chain oxidation of ozone began with the nonselective
and quick action of hydroxyl radicals (Shokri 2016). On
the other hand, beyond the pH value 6.1 (pHpzc) as was
already mentioned in the pHpzc section, the surface of
our catalysts is negatively charged while an attraction
between the nitro function of 4NP and the surface of the
catalyst is resulting therefore a better reduction effi-
ciency is achieved (Radji et al. 2022).
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Figure 10. pH effect on the heterogenous ozonation of 4NP
using CuAl-CO; LDH.
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of 4NP using CuAl-CO; LDH.

Studying how the temperature affects the catalytic
ozonation of 4NP is desirable since this parameter is
a kinetic component (Sumegova, Derco and Melicher
2013). Figure 11 illustrates how the temperature of the
reaction solution affects the rate at which ozonation
treatment reduces 4NP by altering the temperature
from 15 to 70 °C.

Due to ozone’s extremely high solubility in water at
low temperatures (15 °C), it has been observed that
ozonation is most effective at these lower temperatures.
Additionally, an increase in temperature is accompa-
nied by a noticeably faster rate of 4NP reduction. It is
thus because the temperature has a kinetic effect that
speeds up the reaction and increases the yield of 4NP
elimination. The yield of the reaction is lowered at
a very high temperature (70 °C), and this reduction
may be caused by ozone’s degassing and subsequent
instability in the solution (Degrémont-Suez, Rueil-
Malmaison, C diff Lavoisier 2005).

The results obtained demonstrate that catalytic ozo-
nation is more effective for reducing COD, where we
observe an almost complete elimination of the 4NP in
less than 4 h. Figure 12 represents the evolution of the
COD removal efficiency for Ozone dose effect in the
catalytic ozonation of 4NP using the material CuAl-
CO;. Additionally, we can see that the pH of the solu-
tion is decreasing, which may be caused by the develop-
ment of byproducts (acids) in the solution.

When comparing the COD reduction results of the
4NP by CuAlsgy catalytic ozonation method, as illu-
strated in Figure 13, it is discovered that the yield
achieves a maximum of 72% in 4 h (15 g.L_1 03).
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While our catalyst’s carbonated phase performs better
than its calcined phase. By figuring out the rate con-
stant, this theory will be verified.

We may understand the kinetic phenomena of our
reaction by tracking the reaction through time. We dis-
play the rate% reduction as a function of time in
Figure 14, and it is evident that after 4 h of catalytic
ozonation (15 g.L_1 03) with CuAl-COs3, our reaction is
nearly complete. The results achieved using CuAlsyg as
the catalyst are shown in Figure 15, although the reac-
tion only achieves its maximum of 51% after 1 h (5g.L™"
Os), which is lower than the results obtained using
CuAl-CO; (67%).
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At the ideal pH of 5, a kinetic investigation for the
degradation of 4NP in the catalytic ozonation process
was carried out. The following Eq. 1 is an introduction
to the kinetic relation for 4NP degradation via the
indicated process:

—d[4NP]

. Ko3[4NP][Catalyst][O3]

+ Kope [4NP][Catalyst][OH"|
Where [4NP], [O5], [OH'] and [Catalyst] are the
concentrations of 4NP, ozone, hydroxyl radicals and

(CuAl-CO; or CuAlsy) LDHs, respectively.
Moreover Kop.. and Kgs are the rate constants of
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4NP with hydroxyl radicals and ozone. The kinetic
equation may be expressed as follows Eq. 2, because
molecular ozone and 4NP have more effective selec-
tive reactions at low pHs (Shokri 2016).

—d[4NP]

. Ko3[4NP][Catalyst|[O3]

Because 4NP was eliminated in this process by reaction
with (CuAl-CO; or CuAlsy) and Os, and because the
ratio of 4NP to O3 or (CuAl-COj; or CuAlsg,) was low, the
concentration of O; and catalyst can be thought of as
constant. Under these circumstances, the only thing that
changed was the concentration of 4NP, and the reaction
may be assumed to be pseudo first order (Gottschalk,
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Figure 16. Kinetic modeling of the heterogenous catalytic ozo-
nation of 4NP by CuAl-CO5 LDH (K'=0,984 min™").
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Libra and Saupe 2010). Thus, the equation rate may be
represented as: Equation 3:

—d[4NP]

— K/ 3 [4NP
dt 03[4NP]

Where K is a pseudo-first order rate reaction between
4NP and an Os/catalyst. Equation 3 was integrated,
resulting in the equation shown below Eq. 4

[4NP]

=Kot
[anp],

—In

Where [4NP] and [4NP], represent the concentration of
4NP in the instant t and the initial concentration of 4NP
respectively
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Figure 17. Kinetic modeling of the heterogenous catalytic ozo-
nation of 4NP by CuAlsge LDH (K'=0.624 min™").
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Figure 18. Proposed reaction mechanism for 4-nitrophenol degradation by OH. generated by catalytic ozonation in aqueous solution.



In order to represent our phenomena, it is required
to draw the line of In([4NP],/[4NP]) as a function of
time (Figure 16) and (Figure 17). We can use this
information to determine the reaction’s rate constant.

The ozonation rate constant of 4NP with CuAl-CO;
(K = 0,984 min~"). was found to be greater than that of
CuAlsy (K =0.624 min™?), indicating the efficiency of
the carbonated catalyst.
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Figure 18 depicts the simplified reaction mechanism
proposed by P.V.R.K. Ramacharyulu and its collabora-
tors (Ramacharyulu et al. 2018) for the degradation of
4Nitrophenol in the presence of hydroxyl radicals gen-
erated by catalytic ozonation in aqueous solution, where
the first attack serves to eliminate the nitro group, then
a series of reactions resulting from the reaction inter-
mediates take place to obtain only water and carbon
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Figure 19. XRD diffractograms of catalysts recovered after catalytic ozonation reaction of 4NP.
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dioxide at the end of the reaction, followed by total
mineralization of the starting product.

The CuAl-CO; and CuAlsy catalysts are examined
by FTIR and XRD after recovery and washing with
distilled water in order to assess their crystalline
morphologies and primary uses. Figure 19°s XRD results
show that the crystalline structure of CuAl-COj; has not
changed, in contrast to CuAlsyy, where we see a slight
crystallization of the hydrotalcite type. This crystalliza-
tion is caused by the memory effect, which is a property
of hydrotalcite products when they reassemble in the
presence of ions.

The FTIR shown in Figure 20 can be used to confirm
the intercalation of new ions since it clearly depicts the
emergence of the OH and carbonate characteristic
bands in the calcined catalyst CuAls.

Conclusion

The aim of this study was to analyze the effective-
ness of a copper-based hydrotalcite catalyst and its
oxide derivative for removing 4NP pollutants from
municipal wastewater. The CuAl-CO; material was
produced by co-precipitation at a constant pH, and
the derived oxide was obtained by calcination of the
CuAl-COj; carbon phase at a specific temperature
determined by TGA analysis. XRD of the carbonate
phase shows diffraction similar to hydrotalcite, cop-
per oxide was detected in the calcined phase using
the COD 2019 database. FTIR analysis confirmed the
efficiency of carbonate phase synthesis by identifying
the vibrational modes of the chemical processes. This
also proves that the calcination process loses water
and carbonate ions, forming an oxide phase. EDS
analysis confirmed the disappearance of carbon due
to calcination and deoxygenation. SEM-EDS con-
firms CuAl-COj; is a hexagonal crystal, and CuAlsg
is a perfectly shaped sand rose. The pHpzc values of
CuAl-CO; and CuAlsyy are 6.1 and 7.4, respectively.
CuAl-CO; LDH was used to optimize the experi-
mental parameters (catalyst mass, pH and tempera-
ture). The optimal pH of the reaction is 11, and 0.3
g. L' was the mass effectively eliminated 78.6% of
100 mg. L™" of 4NP. Ozonation is most effective at
10 or 55 °C due to the inhibition of ozone outgas-
sing at low temperatures and kinetic effects at high
temperatures. A kinetic study was performed to
compare the efficiency of the two catalysts. It was
found that the ozonation rate constant of 4NP with
CuAl-CO; was higher than that of CuAlsgg, confirm-
ing the effectiveness of carbonated catalyst. COD
removal in 4 h was studied to compare the efficiency
of two types of catalysts. The calcined phase is

reorganized thanks to the memory effect of the
hydrotalcite material, shown through post-use analy-
sis, recovery and XRD. FTIR also detected OH and
carbonate bands in the calcination phase, indicating
the different ways in which calcination is needed to
regenerate the catalyst. The results show the effec-
tiveness of lamellar double hydroxide in catalyzing
the ozonation of 4NP. However, further research is
needed to understand the selectivity of the catalyst
when using real wastewater. To determine reusabil-
ity, the material must be reused after regeneration.
Finally, the combination with UV light is recom-
mended to study the synergistic effect on the oxida-
tion of organic pollutants in urban wastewater.
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