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Abstract

Cu:CuO/WOs3 nanocomposite was synthesized and characterized by Brunauer Emmett and Teller
(BET), Ultraviolet-Visible spectroscopy (UV-Vis), Fourier Transform Infrared Spectroscopy (FT-
IR), Field Emission-Scanning Electron Microscopy (FE-SEM), Energy Dispersive X-Ray (EDX),
X-Ray Diffraction (XRD) and Diffuse Reflection Spectroscopy (DRS) and consequently applied for
methylene blue (MB) photo-degradation. The contribution of various parameters such as initial MB
concentration, Cu:CuO/WOs content, light exposure time by LED light and pH (main and
interaction) on the MB elimination efficiency was studied in the designed reactor. The response
surface methodology (RSM) corresponding to the central composite design (CCD) model was used
for the Examination of the influence of parameters. MB concentration and the influence of the
amount of photo-catalyst on MB degradation reveals that decreasing the amount of photo-catalyst is
proportional to diminishing process efficiency. Good agreement between the experimental and the
predicted results shows the applicability of the model for effective degradation of MB in aqueous
media. According to the predicted and the experimental results in the design of the experiment,
Photo-degradation efficiency in optimal conditions of 25 mg of MB, pH = 5, 0.07 g of photo-
catalyst over 50 min light exposure, were 99.17 and 99.02%, respectively., while present photo-

catalyst is applicable for stable and approximately quantitative degradation of MB over 5 cycles
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without significant change in the efficiency. In addition, the kinetic of the process under study
follows the quasi-first-order model.
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Introduction

Various pollutants, including organic and inorganic species as main sources of water pollution and
especially paints as complex organic substances following their arrival to the environment, generate
a huge amount of pollutants which as the main aromatic organic structure can absorb visible light
over 350-700 nm. Textile industry pollutants following their arrival toward aqueous source media
[1-4] and soils owing to their resistance to biodegradation and bioactivity as contaminants generate
serious hazards. Their high persistence even in low concentrations is very dangerous for the
environment [5-6]. Therefore, the design and application of a safe and economical, absorption and
degradation approach is a good candidate to reduce the pollutant contents in environmental media,
especially water media for the removal of organic pollutants in wastewater as a highly popular task
[7]. Accordingly, several methods including physical, biological and absorption methods suggested
as efficient and conventional routes for the removal of water pollutants own their unique merits and
drawbacks. Physical methods like flocculation, reverse osmosis and adsorption owing to their non-
destructive nature have a low ability to diminish total COD and only transmit organic pollutants to
the second phase, which consequently owing to the generation of serious environmental issues
assumed more hazardous than the initial stages [8]. Biological aerobic treatment emerged with
limitations like the formation of large amounts of sludge and the inability to reduce organic
contaminants to desirable levels [9]. The lack of efficiency of conventional treatment methods
encourages researchers to design other new processes and search for operating conditions to
improve their applicability and efficiency. The advanced oxidation processes (AOPs) are based
predominantly on the generation of reactive hydroxyl radicals. AOPs as a good choice based on the
utilization of free radicals represent a unigque ability to oxidizie organic pollutants to produce non-
toxic materials such as water and carbon dioxide [10]. This approach is founded on the application
of semiconductor photo-catalysts due to their less toxic nature along with their contribution to
wastewater removal, low operating costs and mild and comfortable operation for improving
environmental quality. Photo-catalyst selection is based on their sustainability in the environment,
cost-effectiveness and achievable in visible light and accordingly classified including metal oxides,
sulfides and nitride of metals which are suitable for subset quant degradation of organic pollutants
[11-21]. Catalysts based on tungsten derivatives according to their unique properties including high
surface-to-volume ratios and quantum effects supply acceptable photo-catalytic function,
appropriate for disinfection and renewable energies agents. AOP is an appropriate protocol for the
removal of highly degradable and harmful pollutants from drinking water and industrial plant
effluents. Catalytic activity was improved by heteroatom doping, enhancing the introduction of

active sites and defective edges, improving electron mobility via conjugation, and changing the
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electron density in the local carbon atom and speed of the catalytic electron transfer process, which
is based on the production of active species including hydroxyl radicals through rapid and non-
selective patterns [22, 23]. Irradiation of appropriate lights leads to electron transfer and generation
of pores (positive charge) in the ground state, which simultaneously both species causes the
formation of radicals suitable for oxidation and reduction of species. Inorganic oxides (104, HSOs
and S»Og) reveal the ability for degradation of para chloro-phenol in the presence and absence of
tungsten oxide and a comparison of such results strongly supports the high efficiency of WO3/104
[24-25]. Then, nano-tungsten oxide shows high efficiency for degradation of the aromatic
compounds [26] and Ag.S/WOs applied to the degradation of crystals violet (CV) up to about 98%
under visible light [27]. Shi et al. Synthesized Cr/TiO2 nano-composite and studied it using XRD
and XPS techniques. Then, they investigated the nano-composite activity in the degradation of MB
dye [28]. Sami et al. synthesized WO3 nanofibers and CuO particles to remove common industrial
toxic dyes in wastewater [29]. Samandari et al. synthesized Fes0s@MgAI-LDH nano-catalysts by
simultaneous precipitation to remove phenol from wastewater [30]. Farooq et al synthesized Ag—
CuO for the degradation of methylene blue... A Varying amount of Ag was doped into CuO to
optimize the best catalyst that met the required objectives [45]. Nanostructures based photo-catalyst
owing to their unique features like exceptional surface area and the presence of the huge amount of
reactive surface centre recommended for degradation of organic pollutants. The present research is
devoted to the investigation of MB photocatalytic degradation under visible light irradiation in the
presence of Cu: CuO/WO3 composite. The effect of operational parameters on the degradation
efficiency was studied using the response surface methodology approach and subsequently, the
optimum point was found using the desirability function. The results of this study can be used in

industrial-scale process designing.

Experimental

Materials

Sodium hydroxide (NaOH), Copper (1) chloride (cuclz), Ammonium hydroxide (NHsOH), Sodium

tetra hydro borate (NaBH4), sodium tungsten dehydrate (Na,WO4.2H20), Hydrochloric acid (HCI),

Methylene blue (C16H1sN3SCI) were all purchased from Merck, Darmstadt, Germany.

Copper(1l) chloride (CuCly), sodium tungsten dehydrated (Na;WOQOs4 - 2H20), ethanol (C,H¢O),

ammonia (NHs) and sodium boron hydrate (NaBH,), were purchased from Sigma Aldrich

Company (American) and were used without any further purification. The solution concentrations

were analyzed, using a UV-Vis spectrophotometry (model V-530, Jasco, Japan). The pH

Measurements were performed using a pH/redox/temperature meter, model AL20pH
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(AQUALYTIC, Germany). X-ray diffraction (XRD, Philips PW 1800) was recorded using Cu Ka
radiation (40 kV and 40 mA). The band of samples was estimated based on the diffuse reflectance
spectra (DRS) technique using an Avant's spectrophotometer (Avaspec-2048-TEC). The
morphologies of the samples were analyzed using scanning electron microscopy (SEM: KYKY -
EM3200).

Synthesis of Cu:CuO/WQO3 Nanocomposites

For the synthesis of Cu:CuO/WOs3 photocatalyst, an electrochemical method was used with a
voltage of 0 to 5 V and a current density of 10 mA/cm? for 1 hour. 4 g of CuCl, was added in 200
ml of deionized water and 100 ml C,H¢O for 30 minutes, and then 4 g of Na,WOs - 2H,0 were
added. 10 ml of 32% (w/w) NH3z and 0.5 g of NaBH4 were added to the solution in about 90
minutes. A magnet stirred the electrochemical reactor. The resulting solution was separated by
filtration<, washed several times with distilled water to remove impurities, and dried in an oven at
350 °C.

Results and discussions

FT-IR Analysis

The absorption peaks of FT-IR spectra in the area of 3500-3300 cm™ are declared to the tensile
vibrations of water and the peaks observed around 1600 cm™ are related to be the flexural vibrations
of water (Figure 1). The absorption peak around 920 cm™(see Figure 1a.b) has corresponded to the
tensile vibrations of W-O. The absorption peak in the 1440 region is related to the tensile vibrations
of Cu:CuO as depicted in (Figure 1b) [34], while the absorption band in the 440 cm™ is also recited
to the tensile vibrations of CuO. The absorption peak near the 600 cm™ region corresponds to Cu?* -
O vibrations. The results of the FT-IR method show that the WOs; and Cu:CuO/WOs3

nanocomposites were successfully synthesized.
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Figure 1. FT-IR spectra of a. WO3 and b. Cu:CuO/WQs.

XRD analysis

XRD pattern for the Cu:CuO/WO3 photocatalyst was recorded in the range of 26=10-80 (Figure 2),
which is composed of five peaks in 20 of 26.275, 37.178, 41.786, 56.947 and 50.375 corresponded
with the planes (-1 -2 0), (300), (-2-2 1), (00 2) and (-2 -3 1), which WOs3 corresponds to (JCPDS,
NO. 002-0310). The peaks observed in 20 are 43.473 and 74.679 and declared to the planes (1 1 1)
and (2 2 0), respectively, proving the cubic structure of Cu (JCPDS, No. 001-1242). Also, the peaks
observed in 20 of 61.799 and 75.374 correspond to the planes (-1 1 3) and (0 0 4) which represent
the monoclinic structure of CuO (JCPDS, No. 002-1041). The peaks indicate that the Cu:CuO/WQOs3

nanocomposite is properly fabricated.
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Figure 2. Phase characterization of the nano-catalyst Cu: CuO/WOs.

80



A.Taghva Manesh, J. Appl. Chem. Res., 18, 4, 75-98 (2024)

FE-SEM analysis

FE-SEM analysis (Figure 3a.b) has been used to investigate the morphology of the photocatalyst
surface. The structure of WO3 nanoparticles is in the form of a plate, and the nanoparticles of Cu
and CuO are almost spherical on the plate surface of WOs. According to the morphology of the
surface, the presence of particles with a size in the range of 60-80 nm with a spherical and flat
structure has been shown. The EDS spectrum confirms about 73.6% Cu, 13.9% O and 12.5% W
(Figure 3c.d).
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Figure 3. FE-SEM images of Cu:CuO/WOsnano-composite (a) The scale line is one micrometre and (b) The scale line
is 200 nanometers. (C.d) EDS diagram of the Cu:CuO/WO3 nano-composite.

BET analysis

BET has the unique ability to estimate surface area, type of porosity and approximate diameter of
Cu:CuO/WO:s. Figure 4a and the results obtained from the BET analysis show the type 1V diagram
[35]. Figure 4b shows the estimation of the thickness of the adsorbed layer and the confirmation of
the mesoporous structure of the adsorbent. Also, table 1, shows the surface area, diameter of

cavities and pore volume obtained from BET [36].

81



A.Taghva Manesh, J. Appl. Chem. Res., 18, 4, 75-98 (2024)

o d
h

Ty a

Syl  —Absorption

£ — Desorption

215

%10 1

=

g 71

20

- 0 0.2 0.4 0.6 0.8 1 12
Relative pressure (p/po)

Adsorbed volume

0.5 1 15
Statistical tickness (nm)

Figure 4. (a) BET adsorption and desorption temperature diagram of Cu:CuO/WO3 photo-catalytic. (b) BET diagram of

Cu:CuO/WO3 photo-catalytic.

Table 1. The results of Cu:CuO/WO3; nanocomposite according to Table 1 reveal a porous structure.

Absorption and absorption
62.26
0.03

6.2

DRS Analysis

Scattered reflection spectroscopy represents the

Method

Surface area (m2.g)
Pore volume (cm?.g)

diameter of cavities (nm)

energy gap and absorption edge of the fabricated

nanocomposite (Figures 5a and 5c), the photo-catalyst has the maximum absorption intensity in the

visible light range with photon energy 2.6 eV and confirms its applicability for the degradation of

organic compounds (Figure 5b and 5d).
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Figure 5. (a) DRS spectrum, (b) Tyuk diagram of WOgsnano-composite.(c) DRS spectrum, (d) Tyuk diagram of Cu:

CuO/WO3 nanocomposite.
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MB degradation in the absence of Cu: CuO/WO3 hano-composite

The degradation of MB by various processes reveals (Figure 6), that after 50 minutes, the MB
degradation in the absence of Cu: CuO/WOs3 in the dark was ignored while the presence of
photocatalyst and ultrasonic waves denote the highest efficiency for MB degradation.

0.8 -

0.6 - e A dsroption

=—t—Photolysis

C/Co

0.4 - == YSonctlight
Photocatalyst
0.2 o [=*=Sono-Photocatalyst|

== YSonolyss

30 20 -10 0 10 20 30 40
Time (min)

[¥]]
[—]

Figure 6. Checking C/C0O by MB color time.

Design

Experimental design based on the expert designers in the format of central composite design (CCD)
including 30 experiments composed of 6 central points was conducted to estimate the relation
among efficiency of the process with parameters like pH, initial MB concentration, the photo-
catalyst mass and irradiation time based on the levels and values selected according to Table 2.

Table 2. CCD matrix of simultaneous photo-degradation of MB with the assistance of Cu: CuO/WOs.

Factors Unit Levels

Low (-1) | Central(+) | High (+1) | -a +a
A Catalyst mass g 0.05 7 PR , )
B: MB concentration mg.ml 15.0 Y., Yo, Ve A
C:pH - 5.0 7y A\ ¥, Ay
D: Irradiation time min A A o \K 7o
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Table 3. Experimental design matrix.

Run A B C D Observed Predicted | Residual
) O Yo, | o, Y. AD,Y¥ AD,Y ¥
Y 00 Yo,y |, Y. 43,V .,V oYY
¥ 00 Vo, | o, O YA, QA YA, -, FA
2 7 I ER fu AY, A AY,0 Ve
o 7 Yo, o | 7,0 fu Av,AO AY, o Yo
7 VoA Yo, o | 7,0 £ qv,¥% 14,0 _v,4%
v 00 Yo, |V, Y. VE,V. V¥, Y
A 7 Yo, o | %,0 fu AY,AD AY, s Yo
q 00 YO,y |V, v 9¥,90 90, YO
Y. Y Yo, |, O+ 44,\v 44,4 Y 0
K Y Yo, |V, Y. V#,AY vY,o Y
VY Y Vo, | o, ds YA,0V VA, A ,0)
VY Y Yo, |V, O+ A¥, Y A¥,V oYY
V¥ Y Vo, |V, Y. AV, Y . AY,d ¥
Vo 7 Yo, o | 7,0 £ AY,AD Av,o -, Yo
\ ¢ Y Yo, | o, Y. A¥,5¥ AD,Y L ¥FF
VY 00 Vo, |V, O AY, Y AY,AY INEXZ
YA o F Yo, o | 7,0 [ q.,V¥ 9,y ¥
V4 7 Yo, o | 5,0 £ Av,AD A,y N2
Y. 7 Yo, o | A fu V4, Y YA, Y
Y o Yo, o | 7,0 74 IYRE A¥,A _L¥.
YY o Yo, o | 7,0 [ AY, A0 Av,d N
Yy Y Vo, | o, Y. A, FA Avys -, FA
YY Y Yo,« |V, A 94,07 9,y Y
Yo o R £ AY,¥O AY,50 oY
Y ¢ 00 Yo, |V, O YA,YY YA,4 N
Yv o f Yo, o | %,s Y. AY,04 AY, Y
YA o f Yo, o | %,s ¥ AY,AY AY, s 1,10
Y4 o Yo, o | ¥, fu AY,AA A, 7Y
v 00 Yo, |0, O A4, A4, o+, 4%
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Evaluation of statistical results of experimental design data

Following optimization, the tests are performed and the response values are used to select the most
appropriate model. Table 4 presents some of the squares which are based on the results of the
quadratic model and binary interaction of variables to investigate the insignificance of the lack of fit
(LOF), which according to the results in the table 5, quadratic model is the best model. In Table 6,

the best-proposed model is based on the statistical results of the quadratic model.

Table 4. Sequential model of the sum of squares.

Source sum of | Degrees of| average of| F-value P-value
squares freedom squares
Mean vs Total | YYY7 .+« ) R
Linear vs| FY,¥¥f ¥ Yo, 7Y L, Yavy GAALY
Mean
2F1 vs Linear | 7A4,4. 7 YYF,AA ) ene)
Quadratic  vs| Y+AAY ¥ AR 9,0 FERER Proposed
2FI
Cubic VS| 8,77 A YA V,74 o YONY Hidden
Quadratic
Residual Y,qy N4 W YYAY
Total YAYF. Y. R

Table 5. The proposed model is based on a lack of fit.

Source sum of | Degrees of | average of | F-value P-value
squares freedom squares
Linear 9.0,14 Y. ¥a,v% YO, a0 )
Two-factor Y10,Y4 V¥ 1 0,¥A ¥o,Y0 eeed
interaction
Second degree | 7,¥Y K AREN V,PA .+, Y¥ay Proposed
Cubic VO Y LYYV GAFEA 7Y Hidden
Net error Y, 0A 3 LYo

Table 6. The proposed models based on statistical results.

Source The  standard | R? RZq R%pred PRESS
deviation
Linear 7,0 Y e FYY —o, Y O AY _, PP A YYAY,¥F4
Two-factor Y,YA oYYY L7000 L, 7eVY YvYy,aqy
interaction
Second Yara +,34Y . ,AAY «,30YA Fo ) Proposed
degree
Cubic I +,9474 < AAVY GAAYF YY),V Hidden
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Analysis of variance

The results of the analysis of variance (ANOVA) to check data dispersion are shown in Table 7.
The non-fit model for MB degradation has an F-value of 1.48, while the F-value for the quadratic
model is 117.35. The results show that the non-fitted data is negligible compared to the net value.
The quadratic equation conation positive and negative signs, which represent the effect of each
expression on the origin and the answer to Equation (1), indicate the effect of other expressions on

the model.
9%R1=+80.85+0.43A+0.086B-1.19C+0.40D+2.49AB+0.68AC+2.55AD-3.61BC+4.11B-
0.21CD+2.69A2+0.19B2+0.16C2+0.89D?2 (1)

Table 7. Analysis of variance (ANOVA) for CCD (MB).

Regression coefficients
Source of | Sum of Degree of | Mean
o F-value P-value Status Coefficient
variation | Square freedom | square Factor ]
Estimate
Model 941.21 14 67.23 117.35 < 0.0001 Significant Intercept 80.85
A 4.45 1 4.45 7.76 0.0138 A 0.43
B 0.18 1 0.18 0.31 0.5849 B 0.086
C 33.92 1 33.92 59.20 < 0.0001 C -1.19
D 3.90 1 3.90 6.80 0.0198 D 0.40
AB 99.55 1 99.55 173.77 < 0.0001 AB 2.49
AC 7.47 1 7.47 13.03 0.0026 AC 0.68
AD 103.68 1 103.68 180.99 <0.0001 AD 2.55
BC 208.15 1 208.15 363.34 <0.0001 BC -3.61
BD 270.36 1 270.36 471.92 < 0.0001 BD 411
CD 0.69 1 0.69 1.21 0.2887 CD -0.21
A? 198.06 1 198.06 345.73 < 0.0001 A2 2.69
B2 1.03 1 1.03 1.79 0.2007 B2 0.19
C? 0.72 1 0.72 1.26 0.2794 C? 0.16
D? 21.59 1 21.59 37.69 < 0.0001 D? 0.85
Residual | 8.59 15 0.57
Lack of Not
) 6.42 0.64 1.48 0.3497 o
Fit 10 significant
Pure
2.18 0.44
Error 5
Cor Total | 949.81 29
Quadratic  summary CV.% PRESS Adequate
statistics R? Adj-R? Pred-R? Std. Dev. precision
Response (R% MB) 0.9910 0.9825 0.9578 0.76 0.90 40.10 45,717
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The validity of the model was checked by plotting the predicted response from the experimental
results and a high R? value of 0.9914 confirms its suitability. A graph of the values of the responses
predicted by the model in terms of obtained results is seen in Figure 7. This indicates that the

parameters under consideration are independent of each other and the model is valid (Figure 8).
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Figure 7. Comparison diagram of P-values and F-values for MB degradation.

o

Run order

Iy
th

§ e
h ot -

Residual

-
S

|
=
h

Figure 8. Residual curve.

To further evaluate the model, various statistical parameters such as percentage change coefficient
(C.V %) and total squares of prediction error (PRESS) were used. PRESS is an expression of the
quality of the model fitting to each point. To obtain this value, first, the first point is removed and
the coefficients of the model are calculated. Then the obtained model is used to predict the first
point and the difference between these two points is calculated. This process is repeated for each of
these points and the sum of the remaining squares is recorded. In this part, the model was also
considered in terms of ranking. Table 8 presents the statistical parameters of standard deviation,
mean squares, percentage of coefficient of variation, predicted error rate and model accuracy and
accordingly based on the value of the predicted error rate, reveals the absence of any systematic
error. Also, the balanced R? has a lower value and a good match with the coefficient of

determination, which indicates significance. It has a model above.
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Table 8. Statistical evaluation of the model.

Response (R%)

Std.Dev 0.76

PRESS 40.10

C.V.% 0.90
R-Squared 0.9910

Adj R-Squared 0.9825

Pred R-Squared 0.9578

Adeq Precision 45.717

Response Surface Design

The response surface methodology (RSM) corresponding to the CCD model was depicted and
considered to optimize the critical factors and describe the nature of the response surface in the
experiment. The curvature natures of Figure 9 indicate that the response surface plots of removal
confirm strong interaction between the variables. Owing to limitations, It is impossible to observe
the effect of all parameters on the experimental response (percentage of MB degradation), and
therefore the response levels for two parameters are plotted against the experimental response.
Information can be obtained by examining the curves of the response levels and the results obtained
must be interpreted accordingly.

Examination of the influence of parameters, MB concentration and the amount of photo-catalyst
on MB degradation (Figure 9a) reveal that decreasing the amount of photo-catalyst is proportional
to diminishing process efficiency. Reversely, increasing the MB content also leads to a lowering
decomposition percentage due to an imbalance between the amount of photo-catalyst and MB
content. Figure 9b displays the contribution of photo-catalyst and pH on MB degradation. The pH
through various mechanisms, ion hydrogen and electrostatic bonding and bipolar and ionic
interaction solely or simultaneously contribute to the MB accumulation onto the surface and
reactive centre of the photo-catalyst. Increasing the pH increases the photo-catalyst load and thus
affects the species transfer. The formation of an electrostatic bond prevents species transfer and thus
reduces the percentage of degradation. Protons are rapidly absorbed by cationic dyes and this is
thought to prevent the MB accumulation on the photo-catalyst which owing to the cationic nature of
MB leads to a reduction in its degradation with increasing pH and the highest photo-degradation
efficiency was observed at pH = 5. Figure 9c also displays the result of ultrasound power and
exposure time along with photo-catalyst content in percentage. As shown in Figure 9, the most
process efficiency has occurred following ultrasound exposure for 30 minutes which expected that

immersion of the photo-catalyst in the solution is associated with increasing the migration and
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propagation of MB onto the external surface of the photo-catalyst. Raising photo-catalyst content
leads to higher MB photo-degradation. Figure 9d describes the impact of pH and MB initial
concentration on current protocol efficiency. As can be seen, increasing pH and MB concentration
lead to a diminishing in MB, degradation, while decreasing pH and MB concentration is associated
with raising the amount of MB degradation. The effect of ultrasound time and initial MB
concentration (Figure 9f) reveal that increasing ultrasound time and MB concentration

simultaneously lead to higher MB concentration.

500 <4 s see :
B8 ne— T S50 = o 006
2000 = T - .

nS§ o, ¥ 650 vpor™

B:AB_RiB Coscentragen 0 A:Cawalystmas C: pH = 3

2000 e ~45

1789 St
~T1s00 0
B:MB-RiB c..cmmi..l‘ . D: Time

Figure 9. Response levels are related to different parameters.
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Optimizing Factors Influencing Percentage of MB photo-degradation

The most important factors in the MB degradation process lead to the achievement of the highest
efficiency. The optimal conditions were gained by the appropriate selection of certain levels of
effective input parameters. These conditions reflect the effect of different conditions on the
response to find optimal values of each variable. According to the prediction, the best results are
assigned to adjustment of conditions as is 25 mg L™ of MB following sonication at the pH = 5 in
the presence of 0.07 g Cu:CuO/WOs3, which leads to photo-degradation of more than 99.57%.

Investigation of the number of recovery times of Cu: CuO/WOs3 photo-catalyst

One of the effective parameters in determining the efficiency of a photo-catalyst is the possibility of
its recovery and reuse. The degradation process of 5 ml of MB with a concentration of 25 mg/ml in
the presence of 0.07 g of Cu: CuO/WOs photo-catalyst at pH = 5 and a time of 50 minutes was
investigated. The results of photo-catalyst recovery are shown in Figure 10. As shown in the figure,
the ability to destroy this contaminant with a concentration of 25 mg/ml after 5 times of recovery
and reuse is about 86%.

100

73 1
50 -
25 4
0
1 2 3 s 5

Number of experiment

Degradation(20)

Figure 10. Analysis of nanocomposites in reuse for MB degradation.

The traditional model

A series of similar experiments were performed under adjusted conditions for MB photo-
degradation. By comparing the corresponding kinetic curves (first and second-order) based on their
correlation coefficient accordingly, the applicability of each of the equations is justified and
consequently, their rate constant was calculated. In this regard, the kinetic models of quadratic,
Elovich and intermolecular kinetics models were used to investigate the rate of degradation and
judgments based on their corresponding constants are gathered in Table 2. According to the
coefficients of determination and matching of the data with the kinetic models, it is concluded that
MB photo-degradation by Cu: CuO/WO3-NCs catalyst follows inter-molecular diffusion.

90



A.Taghva Manesh, J. Appl. Chem. Res., 18, 4, 75-98 (2024)

Based on the results of Table 3 and the simulation of kinetic models, it can be said that the kinetics
of the dye degradation process in the photo-catalyst follow the phenomenon of intermolecular
diffusion and the Langmuir—Hinshelwood (L-H) model [31-33].
In (&) = kt (2)
Cr

Then the In(Co / Ct) in terms of different exposure times was investigated (Co is the initial dye
concentration and C is the dye concentration at time t). Figure 11a shows the In (Co / Ct) curve in
terms of time. The value of velocity constant k was obtained from the slope of the curve 0.1132.
Also, the results of the optical decomposition of MB by Cu: CuO/WOs3 under visible light (blue)
radiation justifies the appropriate efficiency of the (L-H) model. The coating surface area (0) is

proportionate to the solid-liquid, Cu:CuO/WO3 reaction with MB and explained by the L-H model:

KC,
"1+ KC, +K.C,

R=kB=k (3)

kr is the photo-catalytic process rate constants and Ks and K are the solvent and dye absorption
coefficients, respectively. C, and Cs are the initial concentrations of solute and solvent at t = 0. The
removal kinetics of many pollutants is analyzed using the Langmuir—Hinshelwood synthetic model,
and this model is used to express the relationship between the initial decomposition rate and the

concentration of the pollutant. The equation used in the L-H model is as follows:

o te (4)

The Ka parameter is defined by the following equation:

Ka=K/(1+KsCs) ®)

The 1/R diagram in terms of 1/Co is shown in Figure 11b. The width of the equation is equal to 1/k;
and the slope is equal to 1/kika. The value of kr was 0.0114 L/mg and the value of ka was 87.7
mg/L.

91



A.Taghva Manesh, J. Appl. Chem. Res., 18, 4, 75-98 (2024)

6 1 2
. .
g4 y=ona-oseso A
- Ff = 09817
= 39 A
<, .
g “i
1 4
e
0
10 0 a0 40 50 60
14
Time (min)
3
b
254 y=0595x+ 00114 e
R = 09998
2 1 ul
215 "
e
1 + i
0.5 o
0 T T v
0.5 1 L5 2 25 3
1/Co

Figure 11. L-H diagram (a) Graph In (Co/Cy) in terms of time and (b) Graph 1/R in terms of 1/Co.

Mechanism of Cu: CuO/WOs3

In semiconductors, the distance between the conduction band and the capacitance band is such that
when a certain amount of energy is received, the electron is transferred from the capacitance band
to the conduction band, and by transferring the electron, a positively charged hole is created on the
capacitance band. The mechanism of action of the manufactured photo-catalyst (Cu: CuO/WQ3) is
shown in Figure 12. As shown in Figure 12, photons of visible radiation are absorbed by WOQOs,
producing holes and electrons. The electron produced by light is transferred to Cu because it has a
higher electron density than CuO, which reduces the probability of combining electron holes. The
electrons in Cu can be transferred to CuO, and eventually, the electrons are transferred to oxygen
and water is produced [37]. Research has shown that the degradation of organic compounds was
done in the presence of various species such as cavities, OH", O2" and HOa. In the synthesized
photo-catalyst, it seems unlikely that O." and HO- species cause oxidation of the species (MB dye),
because in the Cu: CuO/WOs3 photo-catalyst, the conduction band WO3 (+ 0.5V relative to NHE) is

more positive than the single electron reduction potential of oxygen, it indicates that these species
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cannot be processed. Cu: CuO/WOs3 Photocatalytic, (E° (02.027) = 20.33 V vs. NHE)) and ((E°
)O2.HO2") = 20.55 V vs. NHE) on the other hand, OH" is rarely possible during the photo-catalytic
reaction of Cu: CuO/WOQOsg, so in this mechanism, there are holes created with high oxidation
potential (+ 3V relative to NHE) [38] that react with organic compounds and inert compounds such
as water. They produce carbon dioxide and other products.

Vs NHE

Figure 12. Mechanism of action of Cu: CuO/WQj3 photo-catalyst.

Comparisons with literature

In the end, the results obtained from this article were compared with the results of other articles,
which are collected in Table 9.

Table 9. Results of comparison of MB degradation percentage with different nanocomposites.

Reference time PH MB Degradation (%0) synthesis approach Nano-composite
[39] YA+ (min) | natural Voo solvothermal MnFe204-GSC
[40] 4 (h) AR 10,Y template synthesis THNF nanofibers

method
[41] Yo+ (min) 5 A7,AY hydrothermal Titanium dioxide
nanotubes (TNTSs)
[42] 7+ (min) | neutral 4A solvothermal The GO-
CS@Cu3(BTC)2
[43] ¥+ (min) \YLY 9,y Hummers—Offeman rGO/TiO,
method
[44] YA+ (min) Y ay low-cost sol-gel 2%Fe-Zn0O
Current &+ (min) o a4,y electrochemical Cu:CuO/WO0s
work
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Table 9 shows that the photocatalyst synthesized in this paper increases the percentage of MB

degradation in less time in comparison with similar works.

Conclusion

Cu: CuO/WO3 nanocomposite for photodegradation of MB was synthesized by the electrochemical
process. A CCD investigation reveals that the best optimal conditions are as follows: 0.07 g of Cu:
CuO/WO03, 25.0 mg/ml of MB at pH = 5 following 50 minutes of sonication, degradation 99.2% of
MB, while the current photocatalyst is applicable. The reaction kinetics follows the quasi-first type
and the proposed kinetic models confirms radicals and holes simultaneously and act as a full
ingredient for photo-degradation of MB, it produces carbon dioxide and other less harmless

compounds.
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