Environmental Science and Pollution Research (2021) 28:68834-68845
https://doi.org/10.1007/s11356-021-15440-x

RESEARCH ARTICLE

®

Check for
updates

Enhanced dye-removal performance of Cu-TiO,-fly ash composite
by optimized adsorption and photocatalytic activity under visible

light irradiation

Devagi Kanakaraju’

Received: 1 April 2021 / Accepted: 9 July 2021 / Published online: 19 July 2021

- Muhamad Akif Aizuddin Jasni' - Andrea Pace? - Muhamad Hazim Ya'

© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

The performance of Cu/TiO,/FA composite, a hybrid adsorbent-photocatalyst consisting of copper-doped titania particles
supported on fly ash, was optimized, under visible light irradiation, for the removal of the model dye pollutant methyl orange
(MO) by using a response surface methodology and Box-Behnken experimental design. Three independent variables were
considered for the optimization study: catalyst/solvent dosage (0.5 — 2.0 g/L), irradiation time (30—120 min), and the initial
concentration (5— 25 ppm) of the dye. A 99.91% rate of removal was achieved using 2 g/L. dosage, 5 ppm initial concentration,
and 100 min of irradiation time as the optimal operating conditions. The recorded trends support the hypothesis of a combined
and synergic adsorption-photocatalytic degradation process which fully exploits the “capture and destroy” approach for pollutant

removal.
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Introduction

The removal of organic pollutants from wastewater remains
one of the major environmental challenge which, among
others, includes the degradation of organic dyes frequently
found in industrial wastewater (Baruah et al. 2020;
Moztahida and Lee 2020; Jorfi et al. 2018; Talebi et al.
2017; Muhd Julkapli et al. 2014). Classical pollutant removal
procedures include adsorption methods that use stable matrices
that have a good affinity for the pollutant (Najafi et al. 2021).
However, removal methods based only on adsorption are just
shifting the problem from a contaminated fluid (the wastewa-
ter) to a contaminated solid (the pollutant@adsorbent).
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Alternatively, degradative methods, largely based on AOPs
(Giwa et al. 2021), may take advantage of photocatalytic pro-
cesses occurring over semiconductors such as titania (TiO,)
that eventually lead to pollutant mineralization (Chen et al.
2020). TiO;, is one of the best photocatalysts for the degrada-
tion of organic pollutants in water; however, its use suffers
from some drawbacks such as (i) inefficient exploitation of
the visible light, (ii) low adsorption capacity for hydrophobic
contaminants, (iii) fast recombination rate of electron-hole
pairs, and (iv) troublesome post-treatment recovery of the
TiO, nanoparticles from the treated water (Dong et al. 2015).
Indeed, due to the wide bandgap of TiO, (3-3.2 e¢V), only a
maximum absorption of 400 nm is absorbed (Gopinath et al.
2020). On the other hand, using a high titania/solvent ratio of
TiO, nanoparticles in the solution will tend to form a suspen-
sion due to the instability of the nanosized TiO, particles, thus
decreasing the light incident on the active centers and reducing
the photocatalytic activity of TiO, (Dong et al. 2015;
Andriantsiferana et al. 2014). In addition, poor affinity towards
hydrophobic organic compounds implies low adsorption of a
large variety of organic pollutants on the TiO, surface (Dong
et al. 2015). Moreover, the fast recombination of
photogenerated charge carriers causes a smaller amount of
electron-hole pairs to be used efficiently in the photocatalytic
reactions (Qian et al. 2021).
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Currently, the most frequent ways of addressing these lim-
itations include surface modifications of TiO, with other ele-
ments to extend TiO, absorption into the visible light region,
and merging TiO, with other semiconductors (Adriana 2008;
Cheng et al. 2020; Dong et al. 2015; Kumaravel et al. 2019;
Qian et al. 2021), and supports (Shan et al. 2020; Xu et al.
2019). In our recent study (Kanakaraju et al. 2020), we ex-
tended the absorption range of titania by doping with copper,
which was chosen as the metal dopant candidate due to its
better performance compared to other transition metals
(Etacheri et al. 2015; Pava-Gomez et al. 2018). Indeed, copper
which possesses a narrow band gap for its oxides, such as
CuO and Cu,O with 1.4 eV and 2.2 eV, respectively, is less
toxic and more abundant (Balik et al. 2019; Ganesh et al.
2014). Moreover, Cu as dopant increases the electron-hole
pair separation efficiency, inhibits its recombination leading
to a lifetime increase of the generated electrons, and subse-
quently improves photocatalytic activity even under visible
light irradiation (Pedroza-Herrera et al. 2020). Several studies
have reported the doping of Cu into TiO,, which confirmed
the improvement of photocatalytic efficiency of TiO, based
on its application on pollutant removal (Ali et al. 2020; Shafei
and Sheibani 2019; Delsouz Khaki et al. 2018; Ganesh et al.
2014; Aguilar et al. 2013).

In this context, the removal efficiency of photocatalytic
processes can be improved by modifying the photocatalyst
including adsorbing material that has the role of capturing
the pollutant and bringing it close to the photocatalytic surface
in a sort of a “catch and destroy” approach (Kanakaraju et al.
2018a) which requires the use of designed materials with spe-
cific functions as illustrated in Fig. 1.

Fig. 1 Particle features, physical
adsorption and photocatalytic
degradation processes, and
irradiation conditions involved in
the removal of organic pollutants
from aqueous solutions under
heterogeneous conditions
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Among adsorbent layers that could be used for this ap-
proach, alginate and chitosan have been widely studied due
to their low environmental impact, given their “natural” ori-
gin. On the other hand, modern principles of circular economy
are driving research toward the employment of waste
reuse-recycling exploiting the properties of materials that
could be obtained from industrial secondary products. With
this scope, we recently explored the efficiency of fly ash (FA),
a by-product of a local agroindustry, which was used as sup-
port for a Cu-doped TiO, photocatalyst (Kanakaraju et al.
2020). Indeed, FA, which possesses adsorbing capability
based on its carbon content (Ahmed and Hand 2014), was
used as the adsorbent phase in combination with semiconduc-
tors such as ZnO, (Pant et al. 2019), Bi,O3 (Luévano-Hipolito
et al. 2019), and WO; (Visa et al. 2015a), as well as TiO,
alone (Gilja et al. 2019; Visa et al. 2015b) or on polyurethane
fibers (Joo Kim et al. 2014). However, UV irradiation was
needed to achieve satisfying levels of pollutant removal, par-
ticularly when undoped titania was used as a photocatalyst.
On the other hand, in previous studies where FA was used in
combination with Cu-doped titania to increase the photocata-
lytic efficiency under visible light irradiation, the full Cu/TiO,
coverage of spherical FA particles (as schematized in Fig. 2a)
(Shijitha et al. 2009) or the high loading of doped
photocatalyst on FA support (Fig. 2b) (Andronic et al. 2016)
limited the possibility to take full advantage of FA adsorption
capability.

This concept was confirmed by our recent study where
SEM images of Cu/TiO,/FA composites prepared from
base-treated fly ash evidenced a lower loading of photocata-
lytic particles (Fig. 2c) with respect to composites prepared
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Fig. 2 Design of supported photocatalytic particles for combined adsorption/photodegradative removal of organic pollutants from water

from regular or acid-treated fly ash and showed the best
dye-removal performance among prepared catalyst
(Kanakaraju et al. 2020). Based on these considerations, we
are now reporting an optimization study of the working con-
ditions, using methyl orange (MO) as a model pollutant, to
enhance the dye-removal performance of Cu/TiO,/FA com-
posites under visible light irradiation.

Materials and methods

Materials and reagents

Titanium (IV) butoxide and methyl orange (MO) were pur-
chased from Sigma-Aldrich (USA). 2-Propanol, hydrochloric

acid, and sodium hydroxide were purchased from Merck
(Germany). Copper (II) nitrate trihydrate was obtained from
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Fig. 3 Tllustration of Cu-doped TiO, preparation process
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Bendosen (Germany). Fly ash (FA) samples used in this study
were collected from a sago factory located in Mukabh,
Sarawak, Malaysia.

Preparation of Cu/TiO,/FA composite

TiO, was synthesized using our published sol-gel method
with titanium (IV) butoxide as the precursor (Kanakaraju
et al. 2017). Cu/TiO, (1:1 wt%) was then prepared by adding
1 g of TiO, into 100 mL of distilled water, followed by addi-
tion of 1 g of Cu(NOj3),°3H,0 under continuous stirring.
Subsequently, the mixture was incubated at 90 °C for 3 h
and left to cool at room temperature before filtration. The
residue of Cu/TiO, was oven-dried at 105 °C for 2 h, followed
by calcination in a furnace for 5 h at 300 °C resulting in a mint
green—colored Cu/TiO, powder sample (Fig. 3).

Solution and oven dry
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FA was initially cleaned from undesired solid particles,
such as sand and rock pieces prior to washing with distilled
water. These pre-cleaned FA samples were then ground using
a grinder (Quest Scientific FGR-350) to reduce the particle
size. Subsequently, the grounded FA was sieved through a
500-um sieve to obtain homogenized particles. The FA parti-
cles were initially suspended into 100 mL of 2 M aqueous
NaOH solution, followed by washing (until a pH = 7 was
reached in the washing solutions) and drying.

The Cu/TiO,/FA composite was then produced by adapting
a previously reported methodology (Kanakaraju and Wong
2018). Briefly, 1 g of Cu/TiO, was added to a beaker containing
100 mL of distilled water and 1 g of base-treated FA. The
mixture was stirred continuously for 2 h, followed by filtration
and drying in the oven at 100 °C. The obtained Cu/TiO,/FA
was applied for the dye degradation study.

Photocatalytic dye-removal procedures
The Cuw/TiOy/FA sample was investigated under different ir-

radiation conditions to optimize its photocatalytic efficiency
to degrade a model dye pollutant (MO) in aqueous solutions.

Methyl Orange (MO)
In solution

Adsorbed MO

Adsorbed MO
in contact with

A 1000 ppm MO solution was initially prepared by dissolving
the dye powder (327.33 g/mol) in distilled water (1000 mL)
and then diluted with water to obtain a 100 ppm stock solu-
tion. Such stock solution was further diluted to the desired
initial concentration in 3 x 100 mL batches for each treatment
condition. The initial concentration of MO for all degradation
studies was fixed between at either 5, 15, or 25 ppm.

In a typical experiment, the Cu/TiO,/FA photocatalyst was
suspended in a 100 mL solution of MO in a 250-mL beaker
(70-mm diameter) and kept in the dark for 30 min under con-
tinuous stirring to reach an adsorption-desorption equilibrium
between the dye molecules and the surface of the
photocatalyst particles (see process A in Fig. 4). After com-
pletion of the contact time in the dark, a sample (10 mL) was
collected for analysis and the remaining solution mixture was
irradiated at a distance of 17 cm from the top of the beaker,
under either UVA (A =365 nm) or visible light (Opple, 4.5 W)
for 2 h under continuous stirring. The samples were collected
for analysis every 30-min interval for a duration of 2 h. The
samples were centrifuged at 6000 rpm for 15 min and the
resulting supernatant was analyzed using a UV-Vis spectro-
photometer (Perkin Elmer, Lambda 25). The concentration of

0 “Capture and Destroy” Cycle
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Photo-degraded
MO fragments

Cu/TiO, crystallites

photocatalytic sites

Fig. 4 The adsorption capability of the FA support after the photocatalytic degradation of the adsorbed MO pollutant
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MO was measured at its maximum absorption wavelength
(Amax = 464 nm). The percentage of photocatalytic
dye-removal (PDR) was calculated using Eq. 1:

PDR (%) = <W> x 100 (1)

where [MO], is the dye concentration recorded after
30 min contact time in dark and [MO], is the concentration
of dye solution after a given time (¢) of irradiation.

Overall, the MO removal percentage, which takes into ac-
count both the adsorption and the photocatalytic degradation,
is calculated by comparing the MO concentration recorded at
a given irradiation time (t = 0—120) with the initial MO con-
centration C; recorded before the adsorption contact time in
the dark:

MO Removal (%)
= (M) % 100 (2)

Results and discussion

Our previous study paved the way for the development of
FA-supported photocatalysts taking advantage of both ad-
sorption and photocatalytic processes for the degradative
removal of organic pollutants in water (Kanakaraju et al.
2020; Kanakaraju and Wong 2018). To support the
coppetr/titania catalyst, FA was previously treated with al-
kali to improve the functionality of raw FA surface area and
pore structure (Chaudhary and Balomajumder 2014), thus
lowering the load of Cu/Ti0, crystallites (Fig. 2¢) and max-
imizing the contribution of FA to the adsorption process.
This approach fully exploits the “capture and destroy” cycle
which refreshes the adsorption capability of the FA support
after the photocatalytic degradation of the adsorbed pollut-
ant (Fig. 4). This cycle consists of a combination of revers-
ible equilibria and irreversible processes which are recipro-
cally connected and differently affected by several experi-
mental parameters.

In particular, the initial adsorption equilibrium (step A
in Fig. 4) controls the liquid/solid partition of methyl or-
ange, where the concentration of adsorbed MO molecules
([MO]Jags = C; — [MO]p) accounts for both the molecule
adsorbed on FA (yellow rectangles in Fig. 4) and the
molecules in contact with the photoactive site supported
on FA (red rectangles in Fig. 4). The following photocat-
alytic degradation (step B in Fig. 4) is an irreversible
process whose outcome depends on the amount of “useful
photons” (i.e., photons adsorbed by the photoactive site

@ Springer

and producing the charge splitting required to degrade the
pollutant) and is connected to previous step A by the
amount of molecules in contact with photoactive site.
Steps C and D are re-equilibration processes where frag-
ments of degraded molecules detach from the particles,
thus freeing spaces for more molecules to be adsorbed;
additionally, mobility on the particle surface induces mol-
ecules adsorbed on FA to move closer to (or in contact
with) the photoactive sites. Subsequent further photocatalyt-
ic degradation (step E) followed by the detachment of degrad-
ed molecules completes the cycle leaving the particle avail-
able to begin a new adsorption-photodegradation process.

On these bases, the entire “capture and destroy” cycle’s
efficiency will depend on several parameters such as the avail-
able surface on the FA particle, the contact time, the initial
concentration of the pollutant, the catalyst/solvent ratio, the
amount of photoactive sites, the wavelength, and irradiation
time. Therefore, we decided to optimize the operating condi-
tions of Cu/TiO,/FA composite to degrade a MO aqueous
solution, using a response surface methodology (RSM) and
Box-Behnken design (BBD), which are successfully used to
evaluate and optimize conditions in multiparametric experi-
mental setups (Moztahida and Lee 2020; Talebi et al. 2017;
Jin et al. 2014; Ferreira et al. 2007).

Response surface methodology analysis

Box-Behnken experimental design (BBD) was applied using
Design Expert Software (version 7.1.6) to determine the opti-
mum condition of MO removal using the Cu/TiO,/FA
photocatalyst. The chosen method was suitable for fitting a
quadratic surface that helps optimize the operating parameters
with a minimum number of experiments, including the anal-
ysis of the interaction between the parameters (Khosravi and
Arabi 2016). In this design, a series of runs were completed by
three independent variables, which include the catalyst/
solvent dosage in the range 0.05-2.0 g/L, the irradiation time
after the adsorption equilibration in the dark (30—120 min),
and the initial concentration (C;) of the dye (5-25 ppm). All
the optimization experiments were conducted under visible
light irradiation (A = 400 to 700 nm). The samples were with-
drawn at a specific contact time as suggested by the RSM
design matrix. The factorial levels were coded as —1 (low), 0
(medium), and 1 (high). Table 1 summarizes the experimental
range and the level of independent variables considered for
MO removal while Table 2 shows the 15 BBD experiments
set up with the ranges and levels in code unit.

The data gained on the dependent variable (photocatalytic
MO removal percentage) from the experimental results were
fitted to a polynomial equation to quantify the curve effects.
The resulting equation was generated in terms of the coded
values and is expressed in Eq. 2:
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Table 1 The range and levels of independent variables for
photocatalytic MO removal

Variables Coded Range variables

-1 0 1
Initial concentration (ppm) A 5 15 25
Irradiation time (min) B 30 75 120
Photocatalyst dosage (g/L) C 0.5 1.3 2.0

PDR (%) = 69.28-18.48A—1.35B + 25.29C + 1.30AB
+ 6.80AC + 4 85BC + 4.33A2
+7.74B°-10.36C? (13)

where, PDR is percentage of photocatalytic dye removal
(seealsoeq. 1), and A, B, and C are coded values for the initial
concentration of MO, irradiation time, and adsorbent dosage,
respectively.

Statistical analysis

The obtained photocatalytic removal efficiencies varied from
13.07 t0 99.91% (Table 3) and the predicted values well fitted
the experimental results as shown in Fig. 5 where the linear
regression between predicted and recorded values resulted in a
good correlation (R* = 0.99).

Moreover, based on the ANOVA analysis, model F-value
of 1949.98 implied that the model has a significant effect on
the response (Table 4). This means that the “model F-value”
has less than 0.01% probability for noise to occur. p-value was
used to estimate whether F' was large enough to indicate

statistical significance. The p-value (prob>F) was less than
0.05, which indicates that the quadratic model was statistically
significant (Korbahti and Tanyolag 2008).

Furthermore, the “Lack of Fit F-value” of 0.37 with p>0.05
indicates that the “Lack of Fit” was not significant relative to
the pure error in the model, thus indicating an accepted model.
The well-fitted model was obtained for the equation of per-
centage removal (Eq. 3). In addition, the R* 0f 0.9997, adjust-
ed R* 0f 0.9992, and predicted R of 0.9980 showed that the
experimental result fitted the polynomial model adequately
(Table 4) (Khosravi and Arabi 2016). The adequate precision,
which measures the signal to noise ratio and where a ratio
greater than 4 is desirable (Arslan-Alaton et al. 2009), was
150.622 for our model (Table 4) demonstrating the signifi-
cance and adequacy of the employed model (Kaushik and
Malik 2011). Finally, the coefficient variation (CV) value of
1.01 for our model indicates good precision and reliability of
the experiments performed (Kanakaraju et al. 2018b).

Model interpretation

A graphical representation of the model expressed by Eq. 3 is
illustrated in Fig. 6, where the photocatalytic removal percent-
age is reported in 3D surface plots as a function of pairs of
independent variables.

Effect of initial dye concentration and irradiation time

The effect of C; (525 ppm) and ¢ (30—120 min) was investi-
gated using a fixed dosage of 1.3 g/L of Cw/TiO,/FA (Fig. 6a).
The percentage removal of MO decreased at a high initial con-
centration (25 ppm) from 65.41% at 30 min to 60.23% at 120
min. This could be explained by considering that, at a higher
initial concentration, a greater number of MO molecules would

Table 2 RSM for three

independence variables in Run Independent variables Coded variables

corresponding natural value and

codes unit of photocatalytic MO Initial concentration Contact time Adsorbent dosage A B C

removal (ppm) (min) (g'L)
1 15 75 1.3 0 0 0
2 5 30 13 -1 -1 0
3 25 120 1.3 1 1 1
4 25 75 0.5 1 0 -1
5 25 75 2.0 1 0 1
6 15 75 1.3 0 0 1
7 15 120 0.5 0 1 -1
8 25 30 1.3 1 -1 0
9 5 75 0.5 -1 0 -1
10 15 30 2.0 0 -1 1
11 5 75 2.0 ! 0 1
12 5 120 1.3 -1 1 0
13 15 120 2.0 0 1 1
14 15 30 0.5 0 -1 -1
15 15 75 1.3 0 0 0

@ Springer



68840

Environ Sci Pollut Res (2021) 28:68834-68845

Table 3 Experimental values and
predicted values by the
experimental model designed by
BBD

Standard Variables MO removal
order

Initial Contact Adsorbent Predicted Experimental

concentration time dosage values result

(ppm) (min) (g/L) (%) (%)
1 5 30 1.3 99.88 99.90
2 25 30 1.3 65.53 65.41
3 5 120 1.3 99.80 99.91
4 25 120 1.3 60.23 60.23
5 5 75 0.5 63.25 63.52
6 25 75 0.5 12.69 13.07
7 5 75 2.0 100.23 99.85
8 25 75 2.0 76.86 76.59
9 15 30 0.5 47.86 4731
10 15 120 0.5 35.18 34.79
11 15 30 2.0 88.45 88.84
12 15 120 2.0 95.46 95.73
13 15 75 1.3 69.28 70.29
14 15 75 1.3 69.28 68.56
15 15 75 1.3 69.28 68.99

quickly saturate the available binding sites on the surface area ~ C;. Indeed, the highest MO removal (99.91%) was obtained
of photocatalyst Cu/TiO,/FA. In addition, high initial concen-  using 5 ppm of MO at a contact time of 120 min.

tration of MO also reduces light intensity from penetrating the

solution, thus reducing the catalytic activity (Anwer et al.  Effect of irradiation time and catalyst/adsorbent
2019). In this context, where dye degradation is slow, support ~ dosage

(FA) degradation could occur partially, releasing part of the

initially adsorbed dye back into solution. This effect was  The combined effect of irradiation time (30—120 min) and cat-
counterbalanced by fast dye degradation occurring at lower  alyst dosage (0.5-2.0 g/L) was investigated using an initial MO

Fig. 5 Predicted versus
experimental values of MO
removal (R* = 0.99) by Cu/TiO»/
FA
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Table 4 ANOVA for photocatalytic MO removal percentage using Cu/TiO,/FA
Source Sum of squares Degree of freedom (df) Mean square F value p-value
Prob> F
Model 8893.02 9 988.11 1949.98 < 0.0001 Significant
A 2732.82 1 2732.82 5393.05 < 0.0001
B 14.53 1 14.53 28.67 0.0031
C 5116.67 1 5116.67 10097.43 < 0.0001
AB 6.79 1 6.79 13.39 0.0146
AC 184.82 1 184.82 364.74 < 0.0001
BC 94.19 1 94.19 185.87 < 0.0001
A? 69.35 1 69.35 136.85 < 0.0001
B? 221.41 1 22141 436.94 < 0.0001
c? 396.01 1 396.01 781.50 < 0.0001
Residual 2.53 5 0.51
Lack of fit 091 3 0.30 0.37 0.7844 Not significant
Pure error 1.62 2 0.81
Cor total 8895.56 14

R? =0.9997, Adj R* = 0.9992, Pred R> = 0.9980, Adeq Precision = 150.622, CV = 1.01

concentration of C; = 15 ppm. The removal efficiency of MO
increased with the irradiation time at a higher catalyst dosage
(red part of the surface; Fig. 6b) due to the more prolonged
photocatalytic degradation. Analogously, at a fixed irradiation
time, the increase in adsorbent dosage from 0.5 to 2.0 g/L
caused an increase in MO removal due to the availability of
more adsorption and photoactive sites for the absorption and
degradation of MO molecules (Anwer et al. 2019; Carp et al.
2004). On the other hand, an increase of irradiation time at low
adsorbent dosage may cause partial degradation of the FA sup-
port, thus decreasing the initial removal rate until, for prolonged
times (>75 min), the photocatalytic process prevails due to the
still active photocatalytic particles.

Effect of catalyst dosage and initial dye concentration

The combined effects of catalyst/solvent ratio and C; were
investigated at a fixed irradiation time of 75 min (Fig. 6¢c).
The graphic clearly illustrates the positive combined effect
of high catalyst/adsorbent dosage and low initial concentra-
tion in determining the performance of MO removal that was
practically quantitative (99.85%) at C; = 5 ppm and catalyst
dosage of 2.0 g/L. At the opposite corner (dark blue in Fig.
3c¢), the graph showed the combined deleterious effect of high
Ci and low catalyst loading, resulting in the lowest recorded
MO removal of 13.07%, likely due to active site saturation
(Gaya and Abdullah 2008). On the other hand, an increase in
catalyst loading would make more sites available thus increas-
ing the removal rate (Reza et al. 2017). Similarly, a decrease in
pollutant concentration would not saturate the active sites thus
rendering the “capture and destroy” cycle more efficient. In

fact, despite the cycle involving particle regeneration after
completing the last degradation step, a larger amount of pol-
lutant to treat would make such regeneration process slower.

Assessment and validation of optimized conditions

To assess the optimized operating conditions to maximize the
dye removal performance of Cu/TiO,/FA composite, the three
independent variables were set as “in range” while MO re-
moval percentage was set as the “target.” The analysis was
performed based on the RSM predicted values and, under
optimized conditions, a 99.91% of MO removal was attained
(Table 5).

Such conditions were further tested under other “blank”
conditions (e.g., dark condition, solution irradiation, as well
as irradiation with fly ash, undoped TiO,, or Cu/TiO, suspen-
sions) to compare their efficiency under either UVA or visible
light irradiation. The trend lines illustrated in Fig. 7 show the
contribution of both adsorption and photocatalytic removal,
and the overall MO removal was calculated according to Eq.
2, using the initial concentration C; as a reference and taking
into account also of the equilibration period in the dark
(shown as negative time range (¢ = —30 to 0 min)).

The photolysis effect on MO solution under both light
sources showed minimal removal ranging from 6.76 to
10.03% (Fig. 7 a, b). The Cu/TiO,-doped sample showed
54.32% MO removal while undoped TiO, produced only
11.59% under visible light. On the other hand, undoped
TiO, efficiently removed 89.53% under UV light while Cu/
TiO, also resulted in a slightly lower removal (70.27%) under
similar conditions. The removal of MO using base-FA was
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MO Removal (%)

B: Contact Time (min) 120.00 25.00

MO Removal (%)
w
=
N
n

A: Initial Concentration (ppm)

120.00 0.50

B: Contact Time (min)

C: Adsorbent Dosage (g/L)

25.00 0.50

Fig. 6 3D surface plot of photocatalytic MO removal percentage using Cu/TiO,/FA as a function of a irradiation time and initial dye concentration, b
catalyst/adsorbent dosage and irradiation time, c catalyst/adsorbent dosage and initial dye concentration

96.78% and 89.54% under UV and visible irradiation, respec-
tively; however, no significant improvement of the removal is
observed during the irradiation time, supporting the hypothe-
sis that the adsorption effect by based-treated FA strongly
contributes to the physical removal of MO, but not to its pho-
tocatalytic degradation. Overall, the Cu/TiO,/FA showed the
best combined adsorption-photocatalytic performance with a
complete MO removal when assessed under optimized RSM
conditions using either UV or visible light sources.

Photocatalytic MO removal mechanism over
Cu/TiO,/FA composite

The photocatalytic performance of Cu/TiO,/FA is linked to
the abundance of oxygen vacancies and to the presence of Cu
species able to capture the photogenerated electron, thus lim-
iting counterproductive e /4" recombination processes (Xin
et al. 2008). Moreover, the higher amount of hydroxyl groups
on the surface of Cu/TiO, with respect to the undoped TiO,

Table 5 Optimized conditions by

RSM for MO removal using Adsorbent dosage Initial concentration Contact time Photocatalytic MO removal (%)
Cuw/TiO,/FA (g/L) (ppm) (min)
s PP Predicted Actual
2.0 5 100 99.27 99.91
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would contribute to improving the photocatalytic activity.
Considering the rapid MO adsorption process and the fact that
irradiation starts after 30 min in the dark, allowing most of the
MO molecules to be adsorbed on the Cu/TiO,/FA particles,
the contribution of the solution photodegradation of MO to the
removal process can be neglected.

On the Cu/Ti0,/FA particle, the photocatalytic mechanism
of MO removal involves a variety of competing processes that
depend on the electronic properties (and valence state) of the
Cu/TiO; clusters, as well as on the redox potential of MO and
its excited state MO*.

The type of copper species in the system, e.g., Cu,O or
CuO, affects the bandgap and the electron (or hole) transfer
that follows light absorption (Rtimi et al. 2017; Abidi et al.
2019). Consequently, also the type of irradiation would affect
the mechanism of photocatalytic MO removal since only
Cu, O species could be excited under visible light (Eq. 4),
while both Cu,O and TiO, might concur in electron/hole
photogeneration under ultraviolet irradiation (Eq. 5) (Yu
etal. 2019).

Cu/TiOy/FA + hv (visible light) —CuxO(h™)

+ CuxO(e) (4)
Cu/TiOy/FA + hv (ultraviolet light)—TiO2 (h")

+ Ti02(e~) + CuxO(h+) + CuxO(e") (5)

When MO concentration is higher than 1.6 x 10* M, MO
can be reduced (by electrons in the conduction band) at
—0.28 eV or oxidized (by hole in the valence band) at a po-
tential of +1.4 eV, thus efficiently competing with water in the
hole scavenging process (Yu et al. 2012).

In our system, the maximum initial MO concentration
in solution is 25 ppm (7.6 x 10~ M) but the local

concentration of MO adsorbed on the photocatalytic par-
ticle is much higher than the nominal solution concentra-
tion. Therefore, the photocatalytic degradation mechanism
occurring on the adsorbed MO (MO,q4s) molecules (steps
B or E of the cycle illustrated in Figure 4) should mostly
involve direct CB (¢) and VB (k") redox processes.
Given the energy content of photogenerated electrons
and holes, both types of conduction band electrons, i.e.,
TiO, (¢’) or Cu,O(e’), would be able to trigger the reduc-
tive degradation of adsorbed MO (Eq. 6). At the same
time, only TiO, (A*) or CuO (A*) would be reduced by
MO during its oxidative degradation (Eq. 7). On the other
hand, superoxide and hydroxyl radical mediated processes
would be responsible for the oxidation of residual MO
molecules in solution (MOygy,) (Egs. 8—11).

TiO, (e~) or Cu,O(e” ) + MO 45— TiO, or Cu,O

+ MO reductive degradation products (6)

TiO,y (") or Cu,O(h*) + MO 44— TiO; or Cu, O

-+ MO oxidative degradation products (7)
TiO, (e") or Cu,O(e”) + O, —TiO; or Cu,O

+ O,—(superoxide radical anion) (8)
O,” + HyO— - OOH (hydroperoxyl radical) + OH  (9)
TiO; (h) or Cu,O(h™) + H,O—TiO, or Cu,O + H*

+ -OH (hydroxyl radical) (10)
OOH or - OH

+ MOy,—MO oxidative degradation products (11)
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In addition, since MO itself is capable of light absorbing
(especially at the beginning of the irradiation when the
adsorbed MO concentration is at its maximum), the excited
MO* could inject an electron into the conduction band of the
semiconductor particle thus producing the reactive species
involved in either Eq. 6 or Eq. 8 and, at the same time, a
partially oxidized MO radical cation that could undergo fur-
ther oxidative degradation (Eqs. 12—-14).

MO + hv—MO" (12)
MO + TiO; or Cu,0—TiO, (e=) or Cu,O(e")

+ MO™ (oxidized MO radical cation) (13)
MO ——MO oxidative degradation products (14)
Conclusion

The efficiency of Cu/TiO,/FA photocatalyst on the removal of
MO was investigated. A general trend was noted whereby at
fixed irradiation times, increasing the catalyst dosage and de-
creasing the dye concentration work in synergy to improve the
removal performance of the catalyst. In real cases, where the
initial pollutant concentration cannot be chosen or adjusted,
increasing both irradiation time and catalyst loading maxi-
mizes the photocatalytic degradation process. The preliminary
base treatment of the raw fly ash support is crucial to roughen
the particle surface with cavities and irregularities where the
photoactive Cu/TiO, particles can reside and the pollutant can
be adsorbed. Overall, the combination of physical processes
(adsorption) and (photo)chemical processes (degradation) al-
low for a better removal performance by following the “cap-
ture and destroy” approach.
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