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Along with the development of science and technology, the attention of researchers has been drawn to the use of catalysts for removing
pollutants from oil. In this research, the oxidative degradation of quinoline using CuO/MCM-41 nanoparticles was optimized in the
presence of ultraviolet radiation without any auxiliary oxidants using Response Surface Methodology (RSM). The CuO/MCM-41
nanocomposite was synthesized by applying a facile method and was investigated using XRD, FESEM, EDS, mapping, FTIR and
BET/BJH techniques. The degradation efficiency was measured by a UV spectrophotometer, and was evaluated by the use of GC-MASS

technique. The results indicated that the highest removal of quinoline without using auxiliary oxidant and with the help of synthetic catalyst

was about 84%.
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INTRODUCTION

Since the application of liquid fuels is very popular in
transportation, this has resulted in the production of 95% of
the world's transport fuel from crude oil [1,2]. Producing
nitrogen and sulfur oxides in the atmosphere results from
the presence of these compounds in the fuel. Consequently,
despite having many benefits, atmospheric pollution
becomes a serious problem for the environment and
ecosystems and human societies; for example, it causes the
greenhouse effect, acid rain [3], air pollution, climate
change, respiratory diseases, efc. [4]. For this reason,
denitrogenation and desulphurization of various forms of oil
before their entry into the biochemical cycle are very
important, and usually many processes including cracking,
reforming, isomerization, hydrotreating and hydrocracking
are performed during oil refining, by the help of catalysts, to
make petroleum a clean fuel for the market, ultimately [2].

In recent years, there have been many studies to refine

*Corresponding author. E-mail: r_fazaeli@azad.ac.ir

oil from environmental pollutants. Haji-Shamsaee er al.
(2019) experimentally performed sulfurous removal of
benzothiophene using dynamic electroreduction method.
After that, they did it theoretically using Gibbs free energy;
the relative responses were derived from the DFT
calculations which were consistent with experimental
studies. They demonstrated that 23.3%, 38.4% and 48.2% of
sulfur content were converted to H,S after 4 h, 6 h and 8 h,
respectively [5].

Misra et al. (2017) synthesized a functionalized polymeric
adsorbent to selectively absorb quinoline from oil. They
removed nitrogen and sulfur compounds at different
temperatures, with a yield of 60% and 23%, respectively,
and indicated that synthetic adsorbent has a good potential
for being used in oil refining technology [6].

In another study, in 2017, quinoline by A.S. Ogunlaja et
al. was eliminated by two simultaneous oxidation and
adsorption processes utilizing vanadium oxide catalyst [7].

Along with the development of science and technology,
the attention of researchers has been drawn to the use of the
catalysts for removing pollutants from oil. The successful
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application of catalytic processes in the elimination of
the
with three factors: activity, selectivity, and

environmental pollutants is related to catalyst
effectiveness
sustainability [8]. Therefore, advanced modern catalysts in
the form of nanocrystalline and nanoporous materials are
synthesized by the precise controlling of crystal size, the
the diffusion of

components, the structure and pore size [9,10]. In this

surface area of the components,
regard, aluminosilicate compounds including zeolites can be
mentioned because of their unique features such as
molecular sieves, high vacant spaces, low density, cationic
exchange property, electrical conductivity, suitable catalytic
and adsorbent properties [11].

Thermont et al. investigated various modified zeolites for
aqueous solutions absorbing and concluded that zeolite
could increase absorption [12,13].

The advanced oxidation process, such as UV/H,0,, has
been of great interest for the researchers in recent years,
because of increasing efficiency and relatively rapid and
complete degradation of the pollutant. However, using
photocatalysis by semiconductor is more important due to
its ability to be recycled by
the other
oxidation methods [14]. Accordingly, among which, oxides

non-toxicity and also
straightening or centrifuging compared to
or sulfides of the intermediates that are in the term
"compound semiconductor" are known to be the most
suitable photocatalysts with high resistance to the optical
analysis of bandgap energy [15]. These compounds include
Fe,0;, WO3, CdS, ZnO, TiO, and ZnS semiconductor,
which the most active ones are TiO; and ZnO.

Several methods have been recently used for enhancing
photocatalytic properties for denitrogenation. The Z.Y.
Zhang et al.’s review on absorption removing of the sulfur
aromatic compounds with modified Y zeolites using the
various ions exchanging with sodium can be considered as a
sample of the zeolite and metal combination [16].

In this research, to remove and degrade quinoline,
CuO/MCM-41 nanocomposite was synthesized and
characterized by XRD, FESEM, EDS, Mapping, FTIR and
BET/BJH techniques. The photodegradation efficiency was
evaluated by investigating the operational parameters and
process optimization with the help of the statistical methods.
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EXPERIMENTAL

Materials

Cetyltrimethylammonium bromide (CTAB), tetracthyl
orthosilicate (TEOS), sodium hydroxide (NaOH), copper(Il)
nitrate trihydrate (Cu(NOs),.3H,0), and quinoline were
purchased from Merck Germany. All of the chemicals were
used without further purification.

Instruments

X-ray diffraction (XRD). Prepared MCM and
nanocomposite were evaluated by XRD (Rigaku, Ultima
IV) technique. The measured angle was ranged between
2-70° with a rate of 1 °/min.

Field
(FESEM). The surface morphology of nanoparticle and
nanocomposite was performed using FEI
NOVANANOSEM 450 electron microscope. Also, the

elemental analysis of the nanocomposite was accomplished

emission scanning electron microscopy

by an X-ray dispersive microanalyzer (Bruker, X Flash
6110).

Fourier Transmission FTIR Spectroscopy. The
vibrational pattern of nanocomposite was performed using
an FTIR spectrophotometer (Bruker, Tensor 27 and
Equinox 55).

Surface area and pore size distribution. Measuring the
surface area of nanoparticle and nanocomposite was
performed using the Brunauer-Emmett-Teller (BET)
analyzer (BELSORP Mini II), and also the pore size
distribution was accomplished using Barret-Joyner-Halenda

(BJH) methodology  with  respect to  nitrogen
adsorption/desorption isotherm.
uv spectrophotometer. The Duplex Uuv

spectrophotometer (PG instruments, T80+) was used to
measure solution absorbance using a 1 cm quartz cell.
Design of experiments (DOE). The Design Expert
Software (DX-Version 11.0.3) was used for the experiment
design. The RSM procedure was used for test designing.
Considering that the materials and their composition for
removal had three different levels, in contrastive conditions
at each level, they had a different effect on the result.
In addition, the area to be tested in the composition of
the substances and their response to the highly removed
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similarly, unstable and sensitive data were also available in
terms of the surface changes of the materials, so the Box-
Behnken (BBD) technique was used. In this technique, any
sensitivity or mistake in analyzing the material can be
described as a stop or block unit. With respect to the
number of materials along with a response level, five blocks
were introduced for the software to obtain more accurate
results [17].

Effect of pH, copper(Il) dosage, the density of
pollutant and composite mass in pollutant treatment. For
designing the test, the effects of the hidden variables on
pollutant treatment were performed using previous works,
to obtain the selected intervals to the software. After
performing the preliminary tests, the confidence interval
was determined for each one of the variables, and was also
introduced as the confidence interval of each variable to the
software.

The pH was ranged from 3-11, the copper(Il) content in
the composite composition was ranged from 0.01-0.4 M, the
density of the effluent was 2 to 32 mg 1", and the mass of
the composite was 0.004-0.12 g. Accordingly, the test
version was prepared after entering the declared numbers
into the test design software.

Test design table. After the test designing by the
software, the experiments were performed according to
Table 1.

Preparation of MCM-41. To synthesize MCM-41, at
first, we added a mix of deionized water, NaOH 2 M and
2 g CTAB in a balloon. The mixture remained on the stirrer
for 30 min at 80 °C. After that, 10 ml of TEOS was
gradually added to the contents of the balloon, and then
refluxed for 2 h at the same temperature and the resulting
mixture was cooled down to the room temperature. Finally,
the product was filtered and washed with deionized water
and then was placed at 70 °C for 20 h, and finally was
placed in a furnace for 1 h at 550 °C with the heating rate of
2°/min [18].

Preparation of CuO/MCM-41 Nanocomposite
CuO/MCM-41 nanocomposite was synthesized through a
one-step method. At first, three concentrations of copper(Il)
nitrate solution (0.01, 0.205, 0.4 M) were prepared. After
that, a certain amount of MCM-41 was mixed with 1 ml of
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each of the mixed solutions of copper nitrate solution, and
was placed for 24 h into styrene, respectively. The solution
was washed with distilled water and centrifuged, and finally
dried at 100 °C and placed in a furnace for calcination at
450 °C[19].

Removal Studies

The quinoline with a maximum absorption wavelength of
313 nm was selected as a pollutant for assessing the
adsorption and optical nanocomposite activity. For this
purpose, 0.008 g of the different composites was added to
the 20 ml quinoline solution at a concentration of 2 mg 1.
To investigate the photocatalytic process, UV light was used
in an optical reactor with a mercury lamp, Philips 9W (UV-
O).

The pH of suspensions was adjusted to the desired level
with NaOH and HCl 1 M. The percentage removal of
quinoline %R was defined as a function of time with respect
to Egs. (1) [20]:
A, -

Efficiency% = x100

0

where Ay and A are the quinoline adsorption at t = 0 and
t t, effect
concentration on the quinoline removal was investigated by

respectively. The of nanocomposite
20 ml quinoline solution with an initial concentration of
2 mg 1" and pH = 7 for 40 min at room temperature. The
different amounts of synthetic nanocomposite CuO/MCM-
41 (0.004, 0.006, 0.008, 0.01, 0.12 g) were used in order to
remove quinoline. In addition, the effects of pH values
(3.7,11) and initial concentration of quinoline (2, 17,
32 mg I') on quinoline removal by MCM-41 and
CuO/MCM-41 were similar to the process of changing the
nanocomposite content.

RESULTS AND DISCUSSION

Oxidation Process

From the GC-MASS results, it is generally understood
that the photocatalytic reaction occurs and can produce
multiple compounds and unstable intermediates that rapidly
combined to form multiple products,
eventually form gaseous compounds and NH;, CO,, H,O

and they can
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Table 1. Designing Experiments to Investigate the Effect of Variables on Pollutant

Treatment
Run pH Cu Pollutant Conc. Composite Efficiency
M) (mg 1) )
1 3 0.205 32 0.006 621
2 7 0.205 17 0.12 -15.57
3 7 0.205 17 0.12 -11.22
4 3 0.205 2 0.004 -7.87
5 7 04 32 0.12 -5.13
6 7 04 2 0.01 -69.44
7 3 04 17 0.004 428
8 11 0.01 17 0.006 -10.42
9 7 0.205 17 0.004 -10.88
10 7 0.01 2 0.006 -46.29
11 7 04 32 0.004 -2.96
12 7 0.205 17 0.006 0.16
13 11 0.205 2 0.12 8.49
14 11 0.01 17 0.004 2.79
15 7 0.01 32 0.12 -593
16 7 0.01 32 0.008 -6.98
17 11 04 17 0.008 595
18 3 0.01 17 0.01 -0.17
19 11 0.205 32 0.12 -3.37
20 7 0.205 17 0.12 -9.71
21 7 04 2 0.006 -53.70
22 7 0.205 17 0.008 -80.90
23 7 0.01 2 0.004 -41.66
24 3 0.01 17 0.12 14.57
25 11 0.205 2 0.008 -59.43
26 3 04 17 0.006 -291
27 7 0.205 17 0.008 43.71
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Table 1. Continued

28 3 0.205 32 0.12 3.97
29 7 0.205 17 0.004 -0.16
30 7 0.205 17 0.008 552
31 7 0.205 17 0.006 -8.20
32 3 04 17 0.008 -9.43
33 7 0.01 2 0.008 -37.96
34 11 04 17 0.004 -2.23
35 7 04 2 0.12 -71.77
36 3 0.205 32 0.004 12.94
37 7 04 2 0.004 75.00
38 3 0.01 17 0.004 -14.57
39 7 0.01 32 0.006 10.67
40 7 0.205 17 0.006 22.61
41 3 0.205 2 0.01 4488
42 7 04 2 0.008 -81.48
43 7 0.205 17 0.01 -2.68
44 11 0.205 2 0.006 61.32
45 3 0.205 2 0.12 -3.93
46 7 0.01 2 0.12 -61.11
47 7 0.205 17 0.004 2.17
48 11 0.205 32 0.006 7.89
49 7 04 32 0.008 -4.65
50 7 04 32 0.006 -7.94
51 3 0.205 32 0.01 7.01
52 11 0.205 32 0.01 84.37
53 7 0.205 17 0.01 -6.19
54 7 0.205 17 0.01 -5.02
55 11 0.205 2 0.01 14.15
56 7 0.205 17 0.008 6.19
57 11 04 17 0.006 3.16
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Table 1. Continued

58 7 0.01 2 0.01 -15.74
59 11 04 17 0.12 0.00
60 7 0.205 17 0.004 -11.05
61 11 0.205 2 0.004 -72.64
62 11 0.01 17 0.12 0.37
63 3 04 17 0.12 11.83
64 11 0.01 17 0.008 5.77
65 11 0.205 32 0.008 12.17
66 3 04 17 0.01 17.49
67 7 0.205 17 0.008 5.36
68 11 0.01 17 0.01 4.09
69 3 0.01 17 0.006 9.94
70 7 0.205 17 0.01 -8.54
71 7 0.01 32 0.01 -5.21
72 7 0.01 32 0.004 -2.08
73 7 0.205 17 0.006 -16.91
74 7 0.205 17 0.01 11.05
75 3 0.205 2 0.008 -77.16
76 7 0.205 17 0.004 -7.03
77 7 0.205 17 0.12 14.57
78 7 04 32 0.01 2.80
79 7 0.205 17 0.006 16.08
80 11 0.205 32 0.004 7.15
81 3 0.205 2 0.006 -55.90
82 11 04 17 0.01 -15.27
83 7 0.205 17 0.12 11.72
84 3 0.01 17 0.008 -0.51
85 3 0.205 32 0.008 -3.83
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molecules.

The chromatogram test number 6 (from Table 1) is
shown in Fig. 2. Peak 13.077 is related to quinoline. There
are several other peak clusters that classified into three
categories: one is a cluster of molecules that cannot be
linked to a reaction mixture, which is generally a mixture of
internal standard GC-MASS molecules and previous
contamination of the device column (device noise). The
other one is a group of molecules produced by the
quinoline oxidation and degradation. The third peaks can
also be associated with the separation and reactivity of the
MCM catalyst containing the silane compounds. The first
point is that the type of catalytic reaction occurred is
photocatalytic degradation type such that the destruction
and degradation of the quinoline structure occurred in the
presence of light. The major products of the photocatalytic
reaction include CO,, NO5 and NH,"; however, it also had
unreacted quinoline and organic compounds and
intermediates that were caused by quinoline decomposition.

The residual quinoline concentration in the reaction
mixture can be calculated with respect to the concentration
of the internal standard substance and the surface area under
their peaks. Of course, we must have a standard internal
concentration. By dividing the peak area of quinoline by the
peak area of the internal standard, a ratio can be obtained
that can be compared for different tests.

The molecular structures arising from the breakdown of
the quinoline is shown next to the spectrum. Here are some
mechanisms for some of these molecules formation:

And finally, similar mechanisms can be found for the rest
of the compounds. The chromatogram test 37 is also
displayed in Fig. 7.

Peak 13.077 is related to quinoline. As in the spectrum of
Test 6, we have almost identical structures in this spectrum.
The molecular structure from the breakdown of quinoline is
shown next to the spectrum. The mechanism 5 is shown in
Fig. 8 for some of these molecules’ formation:

Table 2 compares the results of these two tests. Given the
area of quinoline peaks and the internal standard, a ratio can
be obtained, which is lower than the residual quinoline
concentration in the reaction, provided that the internal
standard concentration in both GC-MASS spectra is similar.
This ratio determines the residual quinoline concentration

if multiplied by the standard internal concentration used.
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According to Table 2, it appears that the higher the catalyst
content, the more quinoline removal occurrs.

Figure 9 1is associated with the formation of two
substances in the spectrum. Most compounds were earlier
described as their mechanism.

With respect to the GC-MASS data of Tests 6 and 37, it
can be said that the negative efficiency of test 6 is not an
indicator of zero or negative quinoline concentration. In
fact, it appears that most of the 69% of quinoline is lost and
some quinoline is still present. It is in the spectrum and we
can observe compounds from the analysis. In a situation that
the efficiency is zero, no quinoline in the spectrum should
be observed. At this stage, the observed absorption peak in
UV spectroscopy is the result of residual quinoline (up to
about 31%) and the side effects of the decomposition
shown, and the sum of these absorptions negates the
this
agreement with credible scientific sources indicating that

resulting percentage. Accordingly, result is in
the absorption peak of quinoline derivatives is in the
quinoline self-absorption region [22].

Design of experiments (DOE). According to Table 1,
the largest amount of pollutant treatment belonged to the
test number 52, which indicated that it was increased by
raising the amount of pH to the alkaline soluble medium,
along with increasing the amount of composite in gram unit;
the pollutant treatment was also raised. According to the
Test number 65, and, in comparison with experiment
number 52, all parameters were similar, only the composite
value on test 65 was less, so it can be concluded that
reducing the amount of composite will reduce the amount of
removal.

From Table 1, in the first view, it can be concluded that
all the variables in the experiment require alignment and
balance to optimize the removal process. This replication
and balance will be based on the output of the statistical
results, as well as the optimal version with the help of the
BBD method and also the created blocks.

Statistical analysis. According to Table 3, the validity
of the test in the RSM model was less than 0.05 (0.0462),
there is a significant difference between the variables effect
on pollutant treatment. Therefore, it can be concluded that
pH, copper, pollutant density and the amount of composite

have significant effects on pollutant treatment. Also, due to
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the fact that the F test statistic in pollutant density has
increased the model's value, it has greater effect on pollutant
treatment. It is notable to state that the composite variable
statistic is more than the pH and copper variables, indicating
that in comparison with each other, the amount of
composite variable volume has the greatest effect on their
effluent treatment, too [23,24]. Moreover, the mathematical

model of the experimental design is as follows:

Removal (composite 0.004) =-50.6076 + 3.93245 x [pH] +
172 x [Cu] + 0.873672 x [Pollutant Density] + -7.65894 x
[pH] % [Cu] + 0.245747 x [pH] x [Pollutant Density] + -
10.047 x [Cu] x [Pollutant Density] + -0.600418 x [pH]
+330.496 x [Cu]2 +-0.000462975 x [Pollutant Density]*

@)
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Removal (composite 0.006) =-72.5379 +-1.83266 x [pH] +
113.255 x [Cu] + 6.1669 X [Pollutant Density] + 8.4803 x
[pH] % [Cu] + -0.481458 x [pH] x [Pollutant Density] + -
0.958307 x [Cu] x [Pollutant Density] + 0.824854 x [pH]* +
-420.835 x [Cu]*+-0.0491674 x [Pollutant Density]*

3)

Removal (composite 0.008) =-57.7471 +-1.00656 % [pH] +
-139.32 x [Cu] + 5.98196 x [Pollutant Density] + 2.91846 x
[pH] % [Cu] + -0.00720042 x [pH] x [Pollutant Density] +
3.91846 x [Cu] x [Pollutant Density] + 0.1616 x [pH]* +
49.4495 x [Cu]® +-0.136136 x [Pollutant Density]®

“4)
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Removal (composite 0.01) =115.368 + -32.3588 x [pH] +
263.25 x [Cu] + -4.51753 x [Pollutant Density] + -11.8699
x [pH] % [Cu] + 0.450384 x [pH] x [Pollutant Density] +
527602 x [Cu] x [Pollutant Density] + 1.97873 x [pH]* +
-732.252 xCu® + 0.03655 x [Pollutant Density]*

)

184

Removal (composite 0.12) =13.9066 + -20.2007 x [pH] +
119.081 x [Cu] +4.38973 x [Pollutant Density] + 0.760254
X [pH] x [Cu] + -0.0824006 x [pH] xPollutant Density +
1.4931 x [Cu] x [Pollutant Density] + 1.48504 x [pH]* +
-395.008 x [Cu]*+-0.0907883 x [Pollutant Density]*

(6)
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Table 3. ANOVA Analysis of the Pollutant Treatment

ANOVA response surface methodology with cubic model

Source Sum of squares Df Mean Square F-value P-value
Model 54639.92 49 1115.10 1.73 0.0462 Significant
A-pH 237.59 1 237.59 0.3680  0.5480
B-Cu 3.57 1 3.57 0.0055 0.9411
C-Pollutant density 11068.73 1 11068.73 17.15  0.0002
D-composite 3492.65 4 873.16 1.35 0.2702
AB 2644 1 26.44 0.0409  0.8408
AC 45.05 1 45.05 0.0698  0.7932
AD 2055.73 4 51393 0.7961  0.5358
BC 0.6909 1 0.6909 0.0011 0.9741
BD 2813.88 4 703.47 1.09 0.3767
CD 2527.04 4 631.76 09786 04317
A? 3195.10 1 3195.10 495 0.0326
B2 1661.50 1 1661.50 2.57 0.1176
c? 2455.68 1 2455.68 3.80 0.0592
ABD 656.35 4 164.09 0.2542  0.9052
ACD 7182.03 4 1795.51 2.78 0.0417
BCD 5039.60 4 1259.90 1.95 0.1236
A?D 4552.51 4 1138.13 1.76 0.1584
B*D 4310.82 4 1077.70 1.67 0.1791
CD 4051.85 4 1012.96 1.57 0.2042
Residual 22595.06 35 645.57

Lack of fit 11853.86 15 790.26 1.47 0.0207 Significant
Pure error 10741.20 20 537.06

Cor total 77234.98 84

The normal probability chart indicates how variables the "S-shape" that are recognizable with a single look
follow a normal distribution. Even with normal data, there demonstrate that by performing a transfer function on the
are still some moderate distributions. Curved patterns like dependent variable or the model response, better analysis
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Fig. 10. Scattering diagram of the normal distribution of the variables’ response.

Box-Cox Plot for Power Transforms
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Fig. 11. Box -Cox diagnosis test for pollutant treatment.
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will be obtained.

With respect to Fig. 10, the distribution of normal
dispersion of variables is shown linearly. Since the
distribution of variables is almost symmetrical, and also for
each variable in the low level of symmetry, a variable is
located at the high level of its symmetry, therefore, it can be
stated that the statistical society of the pollutant treatment
data has a normal state. The normal state of the data
indicates the correct results and the user accuracy.

Box-Cox is a tool to help identifying the most appropriate
transfer function for applying the response. The lowest point
in the box indicates the best value of lambda, which is the
least sum of squares remained in the transformed model.
When the ratio of the maximum to the minimum response
value is more than three, there will be more ability for
improving the model by the use of the power function. With
11, in which the difference between
3,
improvement for the test model cannot be considered.

respect to Fig.
minimum and maximum is a higher potential
According to Fig. 11, Lambda simulates the creation of a
mathematical computational link between variables in
current and also the actual value was specified. The best
point for simulation and getting optimal of experiments is
introduced in 1.12.

The behavior of variables on removal treatment.
Using the analysis of the three-dimensional diagrams
obtained from the experiments, the effect of the variables
and their behavior in the experiment can be observed.

In Fig. 12, along with the increase of copper molar
content, the pollutant treatment process has also elevated.
This process simultaneously depends on the pH value. As
the amount moves toward the alkaline soluble medium, the
effect on the pollutant treatment is getting evident. The
important point in this diagram is the existence of a red area
of the model for the purpose of predicting the status of the
pollutant treatment in the conditions stated by the software.
Regarding this software, if the alkaline soluble medium can
be raised more, the most pollutant treatment will occur in
the case of copper molar nearly one. The overall diagram
indicates that the materials at different test levels have
different interactions.

In Fig. 13, by increasing the amount of pollution, the
pollutant treatment plant will be affected, but the important

point in this section is the correlation between the pH and
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density variables. As it was specified in the green section of
the chart, along with the pH increase, in all places of the
amount of pollution density variable, the removal treatment
can be observed.

In Fig. 14, the behavior of two variables that were
effective in the experiments is clear. The variability of the
contamination density has the greatest impact on pollutant
treatment according to Table 3, and this effect can be
obtained simultaneously by increasing the amount of copper
molar in the composite as shown in Fig. 14. In other words,
the amount of copper as an interfering variable in composite
composition at that time of reaching the density of
contamination can have a direct and significant effect on
pollutant treatment increasing.

XRD Analysis

The X-ray diffraction analysis is a suitable means of
proving the crystallinity and structure of the MCM-41. The
main Miller indices and the MCM-41 characteristic shown
in Fig. 15 with the star sign, were (100), (110) and (200),
from left to right, respectively [25,26]. In the primary
structure, Brag reflections were observed in the low area
20 = 2.5-10°, which was frequently used to identify the
MCM-41 structure (Reference code: 00-049-1711). The
crystal size of the samples was obtained using Scherrer
Eq. (7),

In Fig. 14, the behavior of two variables that were
effective in the experiments is clear. The variability of the
contamination density has the greatest impact on pollutant
treatment according to Table 3, and this effect can be
obtained simultaneously by increasing the amount of copper
molar in the composite as shown in Fig. 14. In other words,
the amount of copper as an interfering variable in composite
composition at that time of reaching the density of
contamination can have a direct and significant effect on
pollutant treatment increasing.

XRD Analysis

The X-ray diffraction analysis is a suitable means of
proving the crystallinity and structure of the MCM-41. The
main Miller indices and the MCM-41 characteristic shown
in Fig. 15 with the star sign, were (100), (110) and (200),
from left to right, respectively [25,26]. In the primary
structure, Brag reflections were observed in the low area
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Fig. 12. Three-dimensional diagram of the relationships and influences of pH and copper on pollutant treatment

Removal

Fig. 13. Three-dimensional diagram of relationships and influences of pH variable and density of pollution on
pollutant treatment.
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Fig. 14. The three-dimensional diagram of the relationships and effects of copper variable and the pollution density
on pollutant treatment.
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Fig. 15. The XRD Patterns.
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Fig. 16. a) FESEM and b) EDX of MCM-41.
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Fig. 17. a) FESEM and b) EDX of composite.
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Fig. 18. Mapping patterns of a) MCM-41 and b) composite.
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Fig. 19. FTIR patterns of a) MCM-41 and b) composite.

Table 4. Summary of BET and BJH Plot

BET Plot BJH Plot (Adsorption branch)
Total pore volume (p/p0 = 0.990) Mean pore diameter Ip peak (AT€Q) a,
(em’ g”) (nm) (nm) (m’g")
MCM-41 0.900200 3.083 2435 1603.818
Composite 0.051736 13.878 1.210 4.0437

20 = 2.5-10°, which was frequently used to identify the
MCM-41 structure (Reference code: 00-049-1711). The
crystal size of the samples was obtained using Scherrer

Eq. (7),

D =k\/Bcosd ()
where D is the mean of the crystalline dimension, k is the
crystal constant and is 0.89, 0 is the Bragg angle, A is the
wavelength of X and § = FWHM, (the acronym is Full
Width at Half Maximum) with radian unit for XRD desired
peaks.

With respect to the Debye Scherrer model, the crystallite
size was estimated to be between 3.77231 and 16.92718,
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and the mean particle crystallinity was 9.4 1nm [27].

Although the overall structure of MCM-41 did not
change during the synthesis and calcination process, the
peak intensity decreased at 20 = 23 and the characteristic
peak of MCM-41 was disappeared at 26 = 2.5-10°, as a
result of the coating of the MCM-41 surface by the
amorphous or crystalline particles of CuO. As can be
observed from the results, the peak intensity for the
CuO/MCM-41 results are
consistent with studies by other researchers, probably due to
lower thermal and chemical stability [25,28-30].

After calcining the composite, no peaks in association
with Cuy(OH);.NO; formation was observed in the MCM-
41 channels, and rather, peaks at 20 =22.9,27.64, 35.069,

sample decreased. These
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Table 5. Isotherms, Error Minimization and Correlation Maximization

No. Model Equation Correlation coefficient  Error function value
1 Kh g, =-Luxle 28.274°
an T U+b,C ) 0.98736 8.274%
_AcC
2 Koble-Corrigan =717 BC" 0.99147 29.02%
Table 6. Optimal Version
pH Cu  Pollutant density Composite Removal Desirability Desirability (w/o Intervals)
11.000  0.206 32.000 0.01 84.375 0.802 0.981

47.008 corresponding to CuO formation on MCM-41 were
observed (JCPDS # 05-0661) [27]. The presence of weak
peaks for CuO can be related to the low amount of CuO in
the composite.

FESEM, EDX and Mapping Analyses

The morphology of the samples was investigated using
FESEM. Figures 16a and 17a show the FESEM images of
MCM-41 and composite particles, respectively. It is clear
from the images that the MCM-41 particles are
agglomerated. Figures 16a and 16b show the FESEM and
EDS of MCM-41 particles before each reaction. Since the
obtained FESEM magnification is low in EDS analysis
conditions, the FESEM images are displayed at higher
magnification in Figs. 16a and 17a, respectively. The
formation of copper(Il) oxide was confirmed in these
analyzes. The chemical purity of the samples was
investigated by applying EDS analysis. Figure 16b is the
peaks of Si, N, Al and O. Accordingly, these peaks are
related to MCM-41. Figure 17b shows the EDS spectrum of
the nanocomposite after calcination. This analysis, which is
consistent with the XRD spectra, indicates that copper
oxides are present in MCM-41. According to EDS analysis,
the molar ratio of copper to oxygen is 1:1, which is in
agreement with the XRD analysis. The lack of copper in this
model is as a result of its very low loading. The distribution
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of different atoms on the surface of the crystal lattice is also
shown in the form of mapping patterns in Fig. 18.

FTIR Analysis

The FTIR spectra of the raw MCM-41 and the
CuO/MCM-41 samples are shown in Fig. 19. Also, the
metal encapsulated in MCM-41 and the crystallized MCM-
41 were confirmed using FTIR peaks. The FTIR spectrum
has a strong absorption band to detect MCM-41. The wide
peak was in the range of 3400-3700 cm”, due to the
hydroxyl groups (Fig. 19a). The vibrations within the 1300-
4600 1700-2700 cm™ peak network indicated no broad
transition or discontinuity in the main MCM-41 absorption
peak, due to the presence of metal complexes or metal oxide
nanoparticles. Accordingly, it was caused by the low
concentration of metal loaded on MCM-41. Most MCM-41
peaks are broad and strong. Therefore, the matrix within the
spatial structure of MCM-41 was expected to be associated
with the peak of MCM-41. This quantity is ranged
from1300-1630 cm™. If the sample absorption peak is
present, it can be easily detected and not otherwise detected
[31]. In regard with the FTIR spectrum of the sample
containing copper oxide nanoparticles and comparing it
with the raw MCM-41, it can be observed from the
spectrum that was appeared in the core MCM-41 spectrum
(1086 cm™) in the higher region. This peak was shifted to
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Table 7. Parameters Value and Greek Letters [33]

A Koble-Corrigan constant (Inmg™' ng™")
Koble-Corrigan constant (I mg™)n

Bs Sips model exponent

Bre Radke-Prausnitz models exponents

Fritz-Schlunder(IV) constant

C. Equilibrium concentration of adsorbate (mg 1'")
Cs adsorbate monolayer saturation concentration (mg 1"
D Fritz-Schlunder(IV) constant

Ea Characteristic energy of adsorption

F.H Jossens constant

Kg Elovich equilibrium constant (I mg™)

Kr Redlich-Peterson isotherm constant (1 g™
Krg Fowler-Guggenheim equilibrium constant (I mg™)
Krs Fritz-Schlunder(IIII) equilibrium constant (1 mg™")
P, Weber-van Vliet constant

P,, P3, Weber-van Vliet model exponent

P,

T Absolute temperature (K)

W Mass of adsorbent (g)

ag Khan model exponent

ag Redlich-Peterson isotherm constant (1 mg™)

ag Sips equilibrium constant (1 mg™)

ar Toth equilibrium constant

agp Radke-Prausnitz maximum adsorption capacities (mg g™)
by Baudu equilibrium constant

by Khan constant

g Redlich-Peterson isotherm exponent

ke Freundlich constant (mg'™ 1" g™

ks Sips maximum adsorption capacity (mg g™")
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Table 7. Parameters

mFS

nf
e
qu
qu
qmFs
qsk
qu

Irp

9DA

Org

Fritz-Schlunder(III) model exponent
Koble-Corrigan model exponent
Dubinin-Astakhov model exponent
Freundlich constant
The equilibrium adsorption capacity of adsorbent (mg g')
Baudu maximum adsorption capacity (mg g)
Elovich maximum adsorption capacity (mg g™")
Fritz-Schlunder(I1T) maximum adsorption capacity (mg g™
Khan theoretical isotherm saturation capacity (mg g')
Toth maximum adsorption capacity (mg g)
Radke Prausnitz equilibrium constants
Jossens model exponent
Baudu model exponent
Baudu model exponent
Toth model exponent
Fritz-Schlunder(IV) model exponent
Fritz-Schlunder(IV) model exponent
Degree of micropore filling

Fractional coverage related to Fowler-Guggenheim model

1 ecm™ and appeared at 1087 cm™, which could be due to the
interaction between the MCM-41 network and the copper
oxide nanoparticles. These changes occur for two reasons:
(1) confinement of nanoparticles within the MCM-41
network; or (2) the interaction between nanoparticles and
MCM-41 networks. These interactions were performed by
the electrostatic forces between the negative matrix and the
nanoparticles. It was predicted that there will be strong
interactions between the nanoparticles and negative
networks [19,32]. The peak in the FTIR spectrum of the
nanoparticles is not clear, so no new peak has been appeared
in the infrared spectrum of the CuO/MCM-41 sample.
However, the presence of nanoparticles in the lattice and
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their interactions with the MCM-41 lattice has led to all
peaks specific to the MCM-41 spectrum have transmission,
especially the main range (1086 cm™) is shiftef to higher
wavelengths. On the other hand, the peak intensity is
decreased in different areas [18].

BET/BJH Analysis

After investigating the adsorption and desorption of N,
(Fig. 20), it was found that the hysteresis ring type A was
formed. In type A hysteresis rings, the isotherms in which
the adsorbed or desorbed branch slopes that were at average
relative pressures, were related to two open capillary tubes.
In this capillary with a polygonal cross-section where no



Fazaeli ef al./Phys. Chem. Res., Vol. 8, No. 1, 175-202, March 2020.

circular cross-section is required, the adsorbent along with
the absorbed sides forms a cylindrical film of fluid.
Information on the surface area, size, and radius of the pores
are summarized in Table 4.

Isotherms Calculations
Using this paper data, all
isotherms were calculated. The best isotherms in terms of

monolayer adsorption

error minimization and correlation maximization are given
in Table 5.

CONCLUSIONS

Optimal amount version: The optimal version of the test
accomplished with the maximum amount of pollutant
treatment is shown in Table 6.

In order to oxidize and degrade the quinoline, the MCM-
41
synthesized by applying an easy method, and after that was
characterized. The experiment was designed using DX

nanocomposite with CuO active component was

software version 11, with no auxiliary oxidant intervention.
The statistical results, the area of quinoline peaks, and the

internal standard determined the residual quinoline
concentration and indicated that the reaction was
photocatalytic, and the degradation of the quinoline

structure was oxidative. Along with increasing the catalyst,
the highest yields of quinoline removal was obtained as
84%.
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