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In this study, immobilized CuAlO, onto the ZSM-12&35 composite was prepared and used as a photocatalyst to remove N-containing
oil pollutants (carbazole) through advanced oxidation without the use of any oxidants. In this method, acetone is used as a reaction solvent
that can be partially converted to fuel oxygenated compounds (octane enhancers) under an aldol condensation reaction. Photocatalyst
characterization was performed using X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, field emission scanning
electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDS), mapping, and BET/BJH (Brunauer-Emmett-Teller & Barrett-
Joyner-Halenda) techniques. The effect of operating parameters (pollutant concentration, catalyst dosage, and pH of the solution) on the
efficiency of carbazole removal (model oil) was investigated through the RSM methodology. The removal products are identified by the
gas chromatography (GC-MS) technique. The results indicated complete elimination of carbazole under ultraviolet light (UV light), as well
as due to using UV light, the in-situ formation of typical fuel oxygenated compounds under aldol condensation among solvent molecules.
Accordingly, this new protocol can be utilized to refine fuel products accompanied by enhancing their octane numbers.The novelty of this
work is the coexistence of ZSM-12 and ZSM-35 in the composite ZSM-12&35 resulted from the exertion of a remarkable synergistic effect

on oil pollutants (carbazole) removal through advanced oxidation.
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INTTRODUCTION

Nitrogen-containing pollutants in some cuts of crude
oil, like carbazole, quinoline, pyridine and indole in fossil
fuels during burning cause problems such as pipeline
blocking, rusting of the equipment, as well as production of
nitrogen oxides NO,, which are pollutants of the air and
play a major role in acidic rains [1,2]. Nitrides in oil cuts are
also responsible for the creation of photochemical smog and
destruction of the ozone layer. Some nitrides, particularly
carbazole and its derivatives are highly carcinogenic.
Besides, the destruction rate of these nitrides is very slow,
and therefore their potential damage to human health will
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remain for a long time [3]. Another problem caused by
nitrogen compounds is that they cause poisoning of the
catalyst through occupying active regions of absorption [4].
Generally, fuels consist of two main types of basic and non-
basic nitrides. Basic nitrides include aniline, quinoline, and
its derivatives, and non-basic nitrides include indole,
carbazole, and its derivatives. Since basic nitrides are easily
removed by acid-base reactions, most studies and
investigations have focused on the nitrogen removal of non-
basic nitrides especially, carbazole which is present around
60% in distillation products related to the middle distillation
of the crude oil [5,6]. As a result, the industries and the oil
industry in special, have looked for solutions to remove
nitrogen from this oil cut. So far, the best dehydrogenation
method world has been

used  throughout the



Fazaeli et al./Phys. Chem. Res., Vol. 8, No. 4, 585-608, December 2020.

hydrodenitrogenation (HDN) in the presence of various
catalysts [6] and experimental data have shown that these
compounds would hardly be removed by the traditional
(HDN) method [1,7]. Therefore, considering the reasons
mentioned above, many efforts have been developed to find
an appropriate alternative with a simple method and low
costs [7].

So far, many oxidants and catalysts have been used,
many of which are known as a good oxidative system. For
example, catalytic oxidation of carbazole has been done
using oil-soluble t-butyl hydroperoxide (TBHP) as oxidant,
and molybdenum IV oxide (MoO3/D751, MoOs/Al,0s,
MoQO,/D113) as catalyst. Among the catalysts used, the
highest yield was obtained around 77.3% in the presence of
Mo0;/Al,O5 catalyst [1].

In another study, Sibel zor and Bilge Budak
investigated the effect of PAn and PAn / ZnO photocatalysts
on 100% removal of dye under the UV wvisible light
irradiation and lightless environments. In both conditions,
PAn/ZnO was better for waste water treatment [8].

The
heterogeneous

and
catalysts this
regard, mesopore materials with nano-sized cavities making

importance of zeolites as adsorbents

is known well. In
up a large volume of their structure as a free space are
considered as appropriate materials having important
features such as very high surface area, high permeability,
good selectivity, and thermal and acoustic resistance. Due to
these structural features, these materials are efficiently used
as a catalyst, ion exchange, separator, sensor, and for
energy generation, wastewater treatment, membrane and
insulation materials [9,10]. There are more than 180
different types of zeolites previously recognized by the
International Zeolite Association. Individual types of
zeolites differ in terms of size of the channel and rings [10-
13], connectivity channels, and the presence or lack of a
cage at intersections of the channel or along the channel
itself [14].

In addition to the acidity of zeolites, the size of the
channels and their dimensionality influence activity and
selectivity in the transformation and deformation of organic
compounds [15.16]. The crystal size of zeolites is expected
to have a significant effect on the conversion of aromatic
hydrocarbons and also selectivity results [17,18]. There is

a series of different structural types of zeolites with various
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catalytic behaviors such as ZSM-5 (3-D channel structure
with 10-ring channels) and SSZ-35 (1-D structure with 10-
ring channels and 18-ring cages [19]) which are medium-
pore zeolites, also the most commonly studied large-pore
zeolites are mordenite (1-D structure), MCM-58 (1-D
isostructural with 12-ring channels), ITQ-4 and SSZ-42
(with undulating 1-D 12-ring system with cages [20,21]),
and zeolite Beta (3-D 12-ring channel system), MCM-68 (3-
D 12-10-10-ring channel system [22]), and SSZ-33 (3-D 12-
12-10-ring system [23]). So, it is reasonable to conclude that
the structure-property relationship of a catalyst is a key
factor for further improvement in efficiency and selectivity
[24].

ZSM-12 (MTW) is a silica-rich zeolite consisting of a
unique one-dimensional 12-membered ring channel system
with unique pore openings of 5.7 A x 6.1 A [25]. Because
its pore size is slightly higher than the ZSM-5, it can be
used to selectively convert large molecules, which cannot
easily penetrate into the MFI framework. Besides, since
ZSM-12 has acidic properties, it has been recommended as
a useful catalyst in many reactions such as isomerization
[26], hydroisomerization [23], and hydrocracking [28]. The
ZSM-35 belongs to FER topology consisting of a two-
dimensional intersection channel system, namely the 10-MR
(0.42 x 0.54 nm) and 8-MR (0.35 nm) channels [29]. It has
been widely used in catalytic processes such as hydrocarbon
cracking and skeletal isomerization of n-olefins to iso-
olefins. Generally, zeolites with a single structure are
applied directly. However, in some cases, mixed or
composite zeolites are preferred because of their specific
performance [30]. For example, ZSM-5/ZSM-11 composite,
a crystalline zeolite showed a high selective and sustained
activity for the alkylation reaction with diluted ethylene
[31].

Fuel oxygenates are chemical structures containing an
oxygen part, generally, alcohols and ethers, which are
usually utilized as fuel additives to enhance gasoline octane
number. The use of oxygenated additives such as methyl
tert-butyl ether (MTBE) has been shown to enhance after
discarding lead-containing octane additive that led to the
reduction of air pollution [32].

In this study, to improve the quality of the catalytic
activity, a meso-composite ZSM-12&35 was synthesized
aimed at showing a higher catalytic activity compared to
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Scheme 1. Proposed pathways of carbazole and carbazole solvent photodegradation over CuAlO2/ZSM-12&35

under UV irradiation

any other pure zeolites. This composite can be formed from
co-growth of ZSM-35 and ZSM-12 layers [29]. For
removing and oxidizing of nitrogen compounds in the oil
cuts, copper aluminate nanoparticles were used to modify
the material in the cavity on immobilized ZSM-12&35
composite. Also, in this method, acetone is used as
carbazole solvent that can be partially converted to fuel
oxygenated compounds (octane enhancers) through aldol
condensation reaction (Scheme 1). It is expected that using
this method to a large extent can be useful in saving energy
and catalyst production costs as well as in-situ production of
oxygenated compounds in the process. In contrast to HDN
methods, by using zeolite membranes for removal, the fuel
value of the compounds reduces, and fuel oil value is
maintained. Besides, the use of clean, environmentally
friendly synthesis methods is the ultimate objective of this
study.

MATERIALS AND METHODS

Materials

Hexamethyleneimine (HMI), silicic acid (HsO4Si),
sodium aluminate (AL,O; 55%-Na,0O 45%), ammonium
nitrate (NH4NOs),, copper (II) acetate [Cu(CH;COO),],
carbazole(C,HyN), [(CH;),CO], and other
chemicals used were purchased from Sigma-Aldrich and

acetone

Merck companies and used without any purification.
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Characterization

Reactions were monitored by the thin-layer
chromatography (TLC) (0.2 mm thickness, Merck) and
the ultraviolet (UV) spectrophotometer. FT-IR patterns
were prepared by the Brukers VRTEX 70 FT-IR
spectrophotometer using KBr disks. To characterize the
synthesized heterogeneous catalysts, the XRD of the
samples was scanned by a Holland Philips X-Pert X-ray
Powder diffractometer using a Cu source with a peak Ka of
0.1540 nm from an angle of 1° to 100° scans. The FESEM
model FESEM-TESCAN MIRA3 was used to determine
morphology, surface properties, and also images of the
catalyst surface. The (BELSORP Mini II) model was used
to measure the specific surface area of the samples by the
BET analyzer and also pore size distribution was studied
using the BJH by adsorbing nitrogen at liquid nitrogen
temperature.

Design of Experiments (DOE)

To design the test and perform the experimental design,
the RSM and the DX software version 11 was used,
respectively. The effect of pH, copper (copper aluminate),
pollutant (carbazole) concentration, and composite mass on
removal rate of carbazole was investigated. As the materials
and their composition for removal have three different
so the BBD (Box-Behnken-Design) technique
was used, that is able to control all blocks made by the

levels,
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interactions of the levels [33].

To evaluate the effects of confounding variables on
carbazole removal, initial values were obtained for
operational factors using valid articles of the world
standard. After performing preliminary tests, the confidence
interval was determined for each of the variables, and the
software introduced the confidence interval of each
variable. At the pH range of 3-11, an amount of copper
acetate salt with concentration of 0.01 to 0.4 M for copper
aluminate loaded in the composition of the composite, the
concentration of 2 to 32 mg 1" of contaminating solution
of carbazole, and nanocomposite mass of 0.004 to 0.12 g
were determined. After entering declared numbers into the
test design software, the suggested test pattern was
obtained. After designing the experiment by the software,
the experiments were carried out according to the table of

Design of Experiments (Table 1).

Preparation of ZSM-12&35 Composite

The ZSM-12&35 composite was prepared from the
ZSM-12&35 precursor named ZSM-12&35P according to
previously reported methods of US patent [34] with some
modifications. Accordingly, the synthetic mixture was
obtained by mixing 3.74 g of NaAlO,, 3 ml of 50% NaOH,
and 20 ml H,O under extreme stirring. Then, 10 ml of HMI
was added dropwise to the reaction mixture in 30 min under
the same stirring condition followed by the addition of
silicic acid (46.76 g) slowly for at least 3 h with the lowest
amount of water. The synthesized gel was transferred into a
Teflon-lined autoclave which was sealed and placed on a
Magnetic Stirrer-Heater for 36 h at 45 °C and then was
transmitted to an oven and was heated at 160 °C for
12 days. The obtained wet cake was washed with deionized
water. Chemical composition of the final wet cake was as
follows:

0.11Na,0 . 1.54A1,05 . 29.9Si0, . 9.9H,0

and in the next step, the resulting gel was transferred to the
furnace at 540 °C.

The obtained solid from this step was refluxed with
375 ml NH4;NO; (2M) for two times successively for 6 h.
The synthesized named ZSM-12&35
composite.

sample was
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Preparation of CuAlO,/ZSM-12&35 Nanocomposite

A certain amount of synthesized mesoporous ZSM was
dispersed in 100 ml of the aqueous solution containing 2 M
copper acetate monohydrate and was stirred for 24 h at
room temperature. Then, the achieved suspension was
centrifuged at 12000 rpm for 10 min. The obtained solid
was washed with deionized water and was allowed to dry at
100 °C for 3 h, then it was calcined at 450 °C for 12 h.

Removal Studies
Removal of nitrogenous compounds from the oil cut
was carried out using photocatalytic CuAlOy/ZSM-12&35
nanocomposites. In this study, the carbazole (petroleum
shear model or oil cut model) was selected as the pollutant
with a maximum absorption wavelength of 325 nm. Under a
general procedure to remove the carbazole pollutants,
0.008 g of different nanocomposites was added to 20 ml of
2 mg 1" of carbazole solution, and they were stirred at room
temperature by a magnetic stirrer for 40 min. To investigate
the performance of the nanocatalyst, the photocatalytic
process was used in UV light in an optical reactor equipped
with a (UV-C) mercury Philips 9W lamp. The pH of the
suspensions was adjusted using 0.2 M NaOH and HCI, and
efficiency was also calculated according to Eq. (1).
A4, -

%100 (D

Efficiency% =

where 4, and 4 are carbazole adsorption values at t =0 and
t = t, respectively.

To optimize the effect of nanocomposite concentration
on the oxidative removal, different parameters such as the
amount of synthetic CuAlO,/ZSM12&3 (0.004, 0.006,
0.008, 0.01 and 0.12 g), solution pH (3, 7 and 11), and
concentration of carbazole (2, 17 and 32 mg 1) were
investigated. Notably, the experiments were performed in
terms of the table of Design of Experiments (Table 1).

According to Table 1:

1.
prepared by the specified concentrations, 25 ml of each

The carbazole solutions in the acetone solvent were

solution in a BG Bottle.
2. The pH of the carbazole solutions was adjusted
using 0.2 M NaOH and HCI
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3. The different amounts of synthetic
CuAlO,/ZSM12&3 were added to BG Bottles containing
carbazole solvent that were immediately transferred to the
reactor and stirred for 40 min at room temperature by a
magnetic stirrer.

4. The reactions were monitored by the thin-layer
chromatography (TLC) (0.2 mm thickness, Merck) and the
ultraviolet (UV) spectrophotometer.

RESULTS AND DISCUSSIONS

XRD Analysis

The crystalline phase of the catalysts (ZSM-12&35 and
CuAlOy/ZSM-12&35) was analyzed by XRD with Cu-Ka
radiation (A = 0.154 nm) operating at 40 kV and 30 mA and
was shown in Fig. 1.

Crystallinity was determined according to the sum of the
three extreme reflections (20 = 9.2°, 23.2° and 25.7°)
[29,30]. Also, the crystallite size of the samples was
calculated using the Scherrer equation [Eq. (2)],

KA

- 2
P cosb

D

where D is the average of crystallite size, k is crystal
constant that is equal to 0.89, 0 is the Bragg angle, A is
X-ray wavelength, and B is full width at half maximum of
the strongest peak.

According to Eq. (2), the crystallite size was estimated
between 44.8 and 91.5 nm, and the average crystallite size
of the particles was equal to 69.48 nm.

Since XRD analysis is a suitable tool for proving the
crystallinity and structure of the zeolites, therefore, the
connection between stability and activity of the
CuAlOy/ZSM-12&35 nanocomposite was evaluated by
XRD crystallization. Results showed that the crystallite size
was between 13.73 and 44.88 nm, and the average of the
particles was evaluated as ca. 30.95 nm. The index peaks
indicated at the XRD pattern show that the CuAlO, is
loaded onto the ZSM-12&35 [35].

The crystal size of CuAlO, was calculated as 26.84 nm
using Eq. (2) at 20 = 15.53°. This phase can be formed on
the surface of zeolite acting as the semiconductor. It seems
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that the amount of CuAlQO, phase in the zeolite matrix was
negligible due to the low-intensity index peaks.

FESEM and EDS Analyses
Figure 2 presents the results obtained from the FESEM
and EDS analyses of the =zeolite, indicating the

agglomerated structure of ZSM-12&35 with a primary
nanoparticle size between 45 and 91 nm. Comparing
FESEM images of raw zeolite and composite samples, it
was observed that zeolite particles contain much smaller
nanoparticles than raw zeolite particles, though the
morphology is almost the same. Elemental analysis of the
sample was done by EDS analysis. Percentages of Si, N, Al,
C and O are shown in EDS spectra for ZSM-12&35.

Figure 3 shows the results obtained from FESEM and
EDS analyses of the CuAlO,/ZSM-12&35 nanocomposite
zeolite. The FESEM images showed two morphologies of
zeolite structure formed from the composite matrix related
to ZSM-12&35. The highest distribution is related to
oxygen, and the lowest one belongs to copper. The EDS
analysis indicated 0.74 wt% for Cu element in the zeolite
composite. The lack of copper in this model is attributed to
its very low loading.

X-Ray Mapping Analysis

Figure 4 shows the distribution of different elements on
the surface of the crystalline lattice in the form of mapping
patterns. The presence of Cu distributed at the surface of
zeolite was shown in a map of CuAlO,/ZSM-12&35.

FTIR Analysis

Figure 5 shows the FTIR spectra of the synthesized
zeolites. There were no differences between the two
spectrums, indicating the amount of copper in the zeolite
matrix was negligible, and no prominent peaks were
observed for CuAlQO,. Several peaks related to Si-O, Al-O,
C-H, NO;5" and OH bonds were observed in both pictures

that are attributed to the zeolite structure.

BET/BJH Analysis

Figure 6 presents the N, adsorption/desorption
isotherms of ZSM-12&35 and CuAlOy/ZSM-12&35. As
shown in Fig. 6, functionalized ZSM-12&35 has a narrower
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Table 1. Designing Experiments to Investigate the Effect of Variables on the Removal of Carbazole

Run pH  Cu(CH;COO), concentration Pollutant concentration Nanocomposite Removal
(M) (mg 1) (2 (%0)
1 3 0.205 32 0.006 42.18
2 7 0.205 17 0.120 96.76
3 7 0.205 17 0.120 -19.09
4 3 0.205 2 0.004 -37.50
5 7 0.400 32 0.120 -55.04
6 7 0.400 2 0.01 -250.00
7 3 0.400 17 0.004 31.68
8 11 0.010 17 0.006 -47.00
9 7 0.205 17 0.004 31.06
10 7 0.010 2 0.006 -359.09
11 7 0.400 32 0.004 34.10
12 7 0.205 17 0.006 1.29
13 11 0.205 2 0.120 87.50
14 11 0.010 17 0.004 7.92
15 7 0.010 32 0.120 56.58
16 7 0.010 32 0.008 -27.90
17 11 0.400 17 0.008 19.30
18 3 0.010 17 0.01 -50.99
19 11 0.205 32 0.120 100.00
20 7 0.205 17 0.120 9.38
21 7 0.400 2 0.006 -118.18
22 7 0.205 17 0.008 -4.20
23 7 0.010 2 0.004 -168.18
24 3 0.010 17 0.120 51.48
25 11 0.205 2 0.008 70.83
26 3 0.40 17 0.006 6.93
27 7 0.205 17 0.008 37.54
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Table 1. Continued
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Fig. 1. The XRD patterns of the synthesized zeolites.
or smaller pore diameter and a smaller adsorption volume Wall thickness = 2?0 ~D,,, 3)
3

corresponding to the result obtained by XRD (Fig. 1).

Using BET, surface and pore diameter were also
determined for ZSM-12&35 and CuAlO,/ZSM-12&35. The
BET analysis of ZSM-12&35 showed an area of5.7535
[m®g"'] and a pore volume of 0.026922 [cm’ g"']. Since the
surface area of the ZSM-12 is much larger than that of
ZSM-35, the BET level of the MCM-12&35 mechanical
mixture appears to be increased according to the ZSM-12
content. Functionalization of ZSM-12&35 (CuAlO,/ZSM-
12&35) resulted in reduced surface area (4.0437 [m* g'])
and pore volume (0.051736 [cm® g']). The specific pore
volume, a surface area determined by the BET method, and
average pore diameter obtained by the BJH method to
functionalize ZSM-12&35 were found to decrease by
increasing loaded material onto the surface of ZSM-12&35,
as shown in Table 2.

Wall thicknesses of ZSM-12&35 and CuAlO,/ZSM-
12&35 were calculated based on Eq. (3).

593

where 2d,go is 260 with the Bragg angle, and Dgyy is pore
diameter obtained by the By method (nm).

ZSM-12&35 sample exhibited type-IV N, isotherms
with a hysteresis loop, confirming the simultaneous
presence of micropores and meso/macropores in the
obtained ZSM-12&35 product. The isotherm of the samples
at low partial pressure (less than 0.1) showed high
adsorption, indicating the presence of micropores in the
samples, while hysteresis loop present in the region of
0.45 <P/P0 < 0.95 was found to be consistent with capillary
density in mesopores and also could be due to structural
defects or relative pressure of intercrystalline mesopores
[36-38].

Removal Process
Figure 7 shows the results obtained from the reaction
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Fig. 2. FESEM images and EDS spectrum of ZSM-12&35.
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Fig. 3. FESEM images and EDS spectrum of CuAlO,/ZSM-12&35.

595




Fazaeli et al./Phys. Chem. Res., Vol. 8, No. 4, 585-608, December 2020.

Fig. 4. X-ray mapping patterns of ZSM-12&35 and CuAlO,/ZSM-12&35.
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Table 2. Textural Parameters Deduced from the Nitrogen Sorption Isotherm

Sample SEET Pore diameter by Pore volume Wall diameter
(m*g™) By method (nm) (ecm’ g™ (nm)

ZSM-12&35 5.7535 1.21 0.026922 2.92

CuAlOy/ZSM-12&35 4.0437 1.21 0.051736 3.18
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mixture of test 6 from Table 1, taken by the catalyst under
UV irradiation.

The carbazole peak was almost zero, indicating its
complete elimination by a photocatalytic degradation
reaction. The peaks that appeared in the spectrum included
two categories of reaction products and noise device
products resulting from previous contamination of the
device column. Products in the reaction mixture are
displayed in the right direction of the spectrum. The
molecules observed at t = 7.55, 4.15 and 3.14 are generally
attributed to the Aldol condensation reaction between
acetone solvent in the presence of CuAlO, catalysts; the
mechanisms of which are shown in Fig. 8.

Statistical analysis. CuAlO, phase, as an activator,
catalyzes the Aldol condensation reaction between the two
ketones (acetone solvent) from which ether cyclic
compounds can be achieved by removing water and
reducing it. The catalyst used has an integral potential for
the conduction of the aldol reaction, which is very important
in the production of organic compounds. Using the acetone
solvent in this process (Fig. 8) led to the formation of three
oxygenated molecules that can be used as octane enhancers
such as MTBE in fuel products [39]. In fact, this method
can be used for the removal of N-containing oil pollutants
accompanied by in-situ formation of octane enhancers.

For carbazole, it can be said that almost complete
destruction has occurred as well as the conversion of
carbazole to volatile compounds such as CO, and NHs.
Toluene is the only molecule produced as a result of
degradation, whose possible mechanism is illustrated in
Fig. 9.

In addition to the complete removal of the carbazole
pollutant, the results obtained from GC-MS observations
showed a major peak at the time of 5.67, which is related to
toluene with a A range of 240-320 nm, and also showed that
the catalyst effect on solvent has led to the development of
new products at times of 7:55, 4:15 and 3:14, including 2,5-
dimethylhydrofuran, 2,2-dimethylhydrofuran and MTBE,
which have the A range between 185-220 nm. Accordingly,
they are out of our expectation; however, they are
considered as desirable and in agreement with the removal
of carbazole, which has led to the optimization of cut oil

under Aldol reaction. The by-products resulted from the
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carbazole removal reaction have the UV-A,,,x or absorption
peak in the same area as the carbazole UV-Ay., as
mentioned in valid scientific studies [40-41]. The tester
cannot detect new products from the pollutant, and the
absorption peak does not decrease after the degradation of
carbazole. Also, under the Aldol reaction and based on the
results, a part of the solvent was involved in the reaction.
the the
concentration of the solution increased, and consequently,

Therefore, solvent volume decreased and

the absorption peak rate increased, so the negative
percentage results can be due to these points [42]. On the
other hand, percentages of removal more than 100 in some
cases of test results may indicate the removal of some by-
products associated with carbazole pollutants.

As shown in Table 1, the highest percentage of removal
of carbazole belongs to test 59, as obtained by 102%. Since
test 62 has almost the same parameters and conditions with
the test 59, it can be concluded that decreasing the amount
of CuAlO, also reduces the removal of the oxidation
capacity of the pollutant (carbazole and new by-products).
Also, at first sight on Table 1, it can be concluded that all
the variables in the experiment need to be aligned and
balanced in order to optimize the elimination process. This
replication and balance will be observed based on the output
of statistical results as well as an optimal version by the
BBD method and created blocks.

Considering the validity of the test less than 0.05
(0.0001) in the designed RSM model, as shown in Table 3,
there is a significant difference between the effect of
variables on elimination or oxidization of carbazole.

Therefore, it can be concluded that pH, copper, and
pollutant concentration variables and also the amount of
nanocomposite have a significant effect on the removal of
carbazole. Also, since the test statistic of F in the pollutant
concentration has exceeded the statistical value of the
model, so it has had the greatest effect on the elimination of
pollutants. It should be noted that the pH significance level
was more than that of nanocomposite and copper aluminate
content, showing that if these three variables are compared
with each other, pH value has the greatest effect on the
amount of removal of carbazole. Mathematical model of
experimental design is as follows [Egs. ((4)-(8))]:
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Removal (composite 0.004) = -265.829 + 19.4891 x [pH] +
848.047 x [Cu] + 10.3883 x [Pollutant concentration] +
-26.0218 x [pH] x [Cu] + -0.205536 x [pH] x [Pollutant
concentration] + -18.9582 [Cu] [Pollutant
concentration] + -0.520547 x [pH]* + -435.906 x [Cu]* +
-0.0863003 x [Pollutant concentration]® 4)

X X
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Removal (composite 0.006) = -396.721 + -0.719842 x [pH]
+ 552.486 x [Cu] + 30.1198 x [Pollutant concentration] +
38.8741 x [pH] x [Cu] + -0.618006 x [pH] x [Pollutant
concentration] + -11.8447 [Cu] [Pollutant
concentration] + -0.570273 x [pH]* + -724.177 x [Cu]* +
-0.461331 x [Pollutant concentration]” 5)

X X
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Removal (composite 0.008) = -465.762 + -5.80458 x [pH] +
1300.46 x [Cu] + 30.0704 x [Pollutant concentration] +
-19.3577 x [pH] x [Cu] + -1.01155 x [pH] x [Pollutant
concentration] + -16.4254 [Cu] [Pollutant
concentration] + 3.063 x [pH]* + -1836.22 x [Cu]* +
-0.400967 x [Pollutant concentration]” (6)

X X

Removal (composite 0.01) = -455.5 + 5.32928 x [pH] +
1060.45 x [Cu] + 31.05 x [Pollutant concentration] +
4.12541 x [pH] x [Cu] + -0.942108 x [pH] x [Pollutant
concentration] + 1.38345 x [Cu] x [Pollutant concentration]
+ 0.958103 x [pH]* + -2287.73 x [Cu]* + -0.488601 x
[Pollutant concentration]” @)
Removal (composite 0.12) = 160.502 + -16.9293 x [pH] +
-608.772 x [Cu] + -0.77843 x [Pollutant concentration] +
21.2617 x [pH] x [Cu] + 0.0678811 x [pH] x [Pollutant
concentration] + 12.9922 x [Cu] x [Pollutant concentration]
+ 1.61155 x [pH]* + -101.136 x [Cu]* + -0.0824984 x
[Pollutant concentration]” ()

The normal probability graph shows how variables
follow a normal distribution. When tested sample is more
normal, the response can be obtained more accurate and
more reasonable. As depicted in Fig. 10, the dispersion of
the normal distribution of variables is linear. Since almost
all the data is on a normal line, the statistical population of
the data on the removal of the pollutants has a normal
condition. Therefore, it can be concluded that the statistical
population of carbazole pollutant removal data is normal.
The normal state of the data indicates the accuracy and
correct results by the user.

Box-Cox chart is a tool used to determine the most
appropriate exponential transfer function to exert on the
response (Fig. 11). The lowest point in the Box-Cox chart
represents the best Lambda value where there is the least
sum of created and remained squares in the converted
model. When the ratio of maximum to minimum response is
greater than 3, there will be a greater ability to improve the
model using the exponential function.

Based on Fig. 11, in which the difference between
minimum and maximum is equal to 3, thus no further
exponential enhancement is considered for the experiment
model. This chart also shows a 95% confidence interval.
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According to Fig. 11, Lambda simulates the creation of a
mathematical arithmetic link between the variables, in
which current and actual values are determined, and the best
point is presented for simulating and optimizing the
experiments 1.8

3.6.2. Identifying variables’ behavior on the removal of
carbazole pollutant

By analyzing the three-dimensional graphs obtained
from the experiments, the status of the effect of variables
and their behavior in the experiment can be observed. As
shown in Fig. 12, it is quite obvious that the interaction of
substances at points of maximum alkali and maximum
amount of CuAlO, reaches a reasonable effect. In other
words, both of these two variables can simultaneously
improve the effect of the removal of pollutants.

The green portion of Fig. 12 having a sharp drop,
predicted under the software by default, confirms this
hypothesis. If the amount of pH and CuAlO, decreases, as a
result, no pollutants are removed. Even in actual amount,
when the environment is acidic, not only the pollutant will
not be eliminated, but also it will begin to interfere with the
type of contamination spread in the environment.

As illustrated in Fig. 13, the removal of carbazole is also
influenced by the increase in the pollutant content, but an
important point in this section is the correlation between pH
and pollutant concentration. As shown in the green section
of Fig. 13, by increasing the amount of pH, removal was
observed in all the amounts of pollutants. It is also most
effective in matching pH variable with the amount of
pollutant concentration in the alkaline environment at
approximately 11, as shown in the upper yellow part of
Fig. 13.

As shown in Fig. 14, the behavior of the two influential
variables is clearly evident in the experiments. According to
Table 3, pollutant concentration has the greatest effect on
the removal of carbazole, which according to Fig. 14, it can
be realized that this effect occurs simultaneously with the
increase in the molar amount of loaded copper aluminate on
the nanocomposites.

Isotherms Calculations

Using the data obtained from the tests, all the adsorption
isotherms of a monolayer were calculated [43]. Table 4
presents the best isotherms in terms of error minimization
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Table 3. ANOVA Analysis was Performed to Remove or Oxidize Carbazole

ANOVA response surface methodology cubic model

Source Sum of squares df  Meansquare  F-value p-value
Model 7.994E+05 49 16314.01 6.63 <0.0001 Significant
A-pH 38400.76 1 38400.76 15.62 0.0004
B-Cu 16351.39 1 16351.39 6.65 0.0143
C-Pollutant 1.985E+05 1 1.985E+05 80.71 <0.0001
Concentration

D-composite 85166.57 4 21291.64 8.66 <.0001
AB 173.52 1 173.52 0.0706 0.7921
AC 21140.41 1 21140.41 8.60 0.0059
AD 15859.69 4 3964.92 1.61 0.1930
BC 7387.30 1 7387.30 3.00 0.0919
BD 62928.02 4 15732.01 6.40 0.0006
CD 99656.81 4 24914.20 10.13 <0.0001
A? 6960.92 1 6960.92 2.83 0.1014
B2 35310.49 1 35310.49 14.36 0.0006
C? 98456.83 1 98456.83 40.04 <0.0001
ABD 7205.47 4 1801.37 0.7325 0.5760
ACD 12549.68 4 3137.42 1.28 0.2981
BCD 24789.29 4 6197.32 2.52 0.0586
A?D 7583.34 4 1895.83 0.7709 0.5515
BD 21491.13 4 5372.78 2.18 0.0910
CD 35104.83 4 8776.21 3.57 0.0153
Residual 86072.70 35 2459.22

Lack of fit 65225.72 15 4348.38 4.17 0.0018 Significant
Pure error 20846.98 20 1042.35

Cor total 8.855E+05 84
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Fig. 10. Dispersion diagram of the normal distribution of the variables' response.
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Fig. 11. BOX-COX chart (removal of carbazole).

Table 4. Optimal Condition for Carbazole Removing

pH Cu(CH3CO0), Pollutant Composite Removal & Desirability
Concentration (M) concentration Aldol reaction
9.5 0.03 6 0.12 131.425 1.000
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and maximum correlation.

Accordingly, the Weber Van_ Vliet isotherm equation
(the best single-layer adsorption isotherm) was found to be
in good agreement with the results of this study [Eq. (9)].

Weber —Vant—Vliet :C, = B, . g H ™ €))
Where Ce is the equilibrium concentration of adsorbate
[mg I'"], qe is equilibrium adsorption capacity of adsorbent
[mg g'], P;is Weber-van Vliet constant, P, is Weber-van

Vliet model exponent, P; is Weber-van Vliet model
exponent, and P4is the Weber-van Vliet model exponent.

CONCLUSIONS

In this study, a series of ZSM-12&35 composites were
synthesized successfully  under conditions of
0.11Na,O - 1.540 - ALO; - 299SiO, - 9.9H,O. An
intergrowth of some ZSM-12 and ZSM-35 layers was found
in these composites. Synthesized ZSM-12&35 composite

604

catalysts showed higher activity than pure ZSM-12 or pure
ZSM-35 zeolite catalyst based on previous studies [29],
possibly due to synergism of ZSM-35 and ZSM-12.

CuAlO, as an activator semiconductor was formed at the
surface of the zeolite and photocatalyst removal process for
carbazole. In this method, acetone is used as a carbazole
solvent that can be partially converted to fuel oxygenates
aldol
complete

compounds (octane enhancers) through an

Results
elimination of carbazole under mild conditions as well as in-

condensation  reaction. indicated
situ formation of typical fuel oxygenated compounds
through aldol condensation between solvent molecules.
Thus, this new protocol can be utilized to refine fuel
products accompanied by enhancing their octane numbers.

Elimination of carbazole from cut oil in the presence of
nanocatalyst using the RSM method was studied. Using this
method, the optimal condition was obtained with pollutant
concentration (6 ppm), synthetic CuAlO,/ZSM12&35
(0.12 g) of Cu(CH;COO), with concentration (0.03 M) and
solution pH (9.5).
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Table 5. Isotherms, Error Minimization and Correlation Maximization

No. Model Equation Error function value  Correlation coefficient
1 Weber-Van-Vliet C, =P gl 1.55% 0.9947
Gy Typ .C.,
2 Radke-prausnitz 4. = 1+ 7y, . CPo 1.747% 0.9940
. K,.C,
3 Redlich-Peterson = va, C? 1.747% 0.9939
q — qu N Ce
€ 1 0
4 Toth (a, + C7) 1.758% 0.9938
_c.ct
=1 Dp.cr
5 Schlunder s Ky C, 2% 0.9946
‘ 1+ g, . C™
6 Jovanovich q. =g, 1-e) 2.4% 0.9939
g = q,-a.b.C,
e 1 0
7 Keller [1+(b.C)")e 2.4% 0.9938
kg .ag .CK
8 Sips “Tlta, . CH 2.515% 0.9936
— qub N Ce
9 Langmuir =" pe 2.57% 0.9934
__9s by . C,
10 Khan = sb,.C» 2..6% 0.994
R
. = 1iB.C
11 Koble-Corrigan 2..6% 0.9936
3 —C.q,
12 Hill-Debuer C =q7"~e[”‘"q’““] e[Tq] 3.707% 0. 9954
© b.(q,-49.) ' ° '

Based on the results obtained from GC-MS

observations,

the negative

efficiency of carbazole

degradation can be justified because of two reasons.

The by-products resulted from the carbazole removal
reaction have the UV-A,, or absorption peak in the same
area as the carbazole UV-A,... Hence, the tester cannot
detect new products from the pollutant, and the absorption
peak does not decrease after the degradation of carbazole.

2. Under the Aldol reaction, a part of the solvent was
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involved in the reaction. Therefore, the solvent volume
decreased and the concentration of the solution increased.
Accordingly, a set of absorption peaks resulted from these
two processes shows the higher absorption peaks than the
initial carbazole.

Finally, as shown in Table 5, the optimal version of the
experiment was performed with the maximum amount of
carbazole removal accompanied by in-situ formation of fuel
oxygenated components under the Aldol reaction.
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