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Abstract

Background: Recently, sulfate radical-based photocatalytic processes have attracted significant interests
because of unique advantages in pollutants purification. In this study, TiO,-Fe,O, nanocomposites in
the presence of persulfate and under ultraviolet light-emitting diode (UV-LED) irradiation were applied
for reactive red 198 removal with a focus on the main operating parameters such as pH, persulfate
molar concentration, irradiation time, and catalyst dosages in different initial concentrations.
Methods: The nanoparticles were synthesized by co-precipitation technique. The X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM) coupled with energy dispersive X-ray
(EDX) and Fourier transform infrared spectroscopy (FTIR) analysis were used to evaluate TiO,-
Fe,O, nanocomposites. The response surface methodology (RSM) was employed for modeling and
optimization. The kinetics and mechanisms of decolorization by sulfate and hydroxyl radicals were
investigated. The mineralization of dye was evaluated using total organic carbon (TOC) analysis.
Results: Modeling and optimization through RSM showed that the maximum decolorization of reactive
red 198 is accursed an initial concentration of 10-50 mg/L was reached under UV-LED irradiation of 62-
85 min, persulfate concentration=0.8-1 mM, 0.19-0.3 g/L TiOZ—Fe3O , hanocomposites concentration,
and pH=3. The kinetics of process was in agreement with pseudo-first order. The mineralization of
reactive red 198 during the optimum conditions was determined at about 61.1% and 49.6%, meanwhile,
the decolorization efficiency in the same conditions was approximately 98.1% and 87.6%, respectively.
Conclusion: The use of TiO,-Fe,O, nanocomposites under UV-LED irradiation in the presence of
persulfate can be used as an efficient and promising method for dye removal from textile wastewater.
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Introduction

In recent decades, with the increasing speed of
urbanization and industrialization, a significant increase
in wastewater production has been observed (1). Various
harmful pollutants are produced as a result of the activities
of industries such as plastic, textile, food, cosmetics,
leather, printing, pharmaceuticals, and paint production,
and can enter the environment through wastewater (2).
The textile industry is one of the most effective industries
in many countries. The discharge of textile industry
wastewater into aquatic environments is one of the most
important concerns of environmentalists. One of the most
essential dangerous species in textile wastewater is dyes.

These compounds have destructive effects on marine
ecosystems. Dyes have a complex chemical structure and
high molecular weight, which enter the environment due
to various processes such as dyeing. The dyes include
disperse, azo, acidic, basic, direct, mordant, sulfur and
reactive dyes. Some dyes and their decomposition
compounds are highly toxic, carcinogenic, and non-
biodegradable (3). Therefore, effective treatment processes
are essential for human health and the environment (4). So
far, various methods such as coagulation and flocculation,
reverse osmosis, ion exchange and absorption have been
used to treat these wastewaters. Despite the relative
success of each of these methods, due to the high stability
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of the constituents of these wastewaters, and also, in
order to achieve higher standards, the necessity of using
this alternative method with high efficiency is felt more.
Among various treatment methods, advanced oxidation
processes (AOPs) is considered as one of the best potential
processes to treat pollutants, including the advantages
such as the production of neutral and harmless products,
rapid oxidation, and oxidation of low concentrations of
pollutants (5).

The photocatalytic process is one of the methods
of AOPs in which organic materials are decomposed
under ultraviolet (UV) radiation and in the presence of
metal dioxides (6). The mechanism of semiconductor
photocatalysts starts with the irradiation of light on its
surface, and during irradiation, due to the absorption of
photons with energy equal to or greater than the energy
gap of the photocatalyst, electrons are excited from the
conduction band and lead to the formation of electron-
hole pairs. With electron migration, the holes created
on the surface of the photocatalyst react with water
and oxygen molecules and cause the production of free
radicals, which are the cause of pollutant destruction.
Titanium dioxide (TiO,) is a heterogeneous catalyst with
three crystal structures including rutile, anatase, and
brookite, and the highest photocatalytic activity is related
to anatase and rutile. TiO, is widely used in organic
pollutants removal from various environments because of
its efficient photoactivity, safety, high stability, and low
cost. Nonetheless, the main problem with TiO, is their
separation from the solution after the treatment. One of
the methods to solve this problem is doping magnetic
materials in the nanocomposite structure, which can
be easily separated from the solution using a magnet.
Hence, Fe,O, could be doped on semiconductors for this
purpose. The presence of Fe,O, could also increase the
TiO, photocatalytic activity, based on the energy level
theory (7,8).

Persulfate (5,0,7) is a new form of oxidants, which is
used to substitute with common oxidants such as H,O,
and O, and in the AOPs. Persulfate (PS) is a powerful
oxidant (2.1 V), which is decomposed under UV radiation
and produced highly reactive, short-lived sulfate radicals
(SO4™, 2.6 V). The benefits of persulfate-based AOPs
are the capability to activate with different methods,
good performance in a wide range of pH, achieve
higher radical formation yield and lower maintenance,
and transportation costs because of the accessibility of
persulfate salts (9).

The studies have proved that the ultraviolet light-
emitting diode (UV-LED) sources cause higher efficiency
in AOPs and have some advantages such as low energy
consumption, higher shock resistance, short operation
time, and being environmentally friendly. Therefore,
the use of UV-LED for the photocatalytic degradation of
organic pollutants has been recently considered (10,11).

Many researchers have widely synthesized and applied
TiO,-Fe,O, nanocomposites (TFNs) as a photocatalyst
or adsorbent for removal of various contaminants. TFNs
due to the presence of iron, are used for photocatalysis
and PS activation. Also, TFNs are magnetically separable
composite photocatalysts (12).

Response surface methodology (RSM) is a mathematical
and statistical modeling method for developing
experimental models, which requires two stages of
experiment design and determination of an approximate
function. RSM has a high ability to predict economic costs
and time (13,14).

It should be noted that a few studies investigate the
performance of TFNs along with persulfate and UV-LED
irradiation. In addition, there is no study in which TFN
along with persulfate have been used in the presence of
UV-LED radiation to remove reactive red 198 (RR198)
dye from the environment. Therefore, in this study, the
synergistic decomposition of RR198 dye was investigated
by TFNs+PS+UV-LED photoreactor. The most critical
parameters evaluated are pH, PS molar concentration,
irradiation time, and catalyst dosages in different initial
concentrations. Subsequently, the RSM was used for
modeling and optimization of the studied parameters.
The central composite design (CCD) was applied for
the experimental design. The kinetics, mechanisms and
mineralization of the system were investigated.

Materials and Methods

Chemicals and materials

The Reactive Red 198 (CAS# 145017-98-7) was purchased
from AlvanSabet Company (Iran). The dye characteristics
are as below:

Color Index: C.I.Reactive Red 198; Color Index
Number: 18221; Azo group: Single azo class; Type:
Anionic; Molecular Formula: C, H ,CNNaO S; Xma
(nm): 518; Molecular weight (g/mol): 968.21.

The other materials are titanium dioxide nanoparticles
(CAS# 13463-67-7, Degussa Germany), sodium
hydroxide, ferrous chloride (FeCl,-6H,0), ferric chloride
(FeCl-6H,0), and technical ethanol grade, 99% purchased
from Merck (Darmstadt, Germany), and potassium
persulfate (99%, Sigma-Aldrich, CAS# 7727-21-1).

X

Nanocomposite
characteristics
The preparation of Fe, O, the mixture of 50 mL of
FeClL.6H,0 (2 mol/L) and 50 mL of FeCl.6H,0O (1
mol/L) was sonicated in an ultrasonic bath at 100 W for
20 minutes. Afterward, 25 mL of sodium hydroxide (1
mol/L) was poured into the solution, which led to the
formation of the black precipitate, then, sonicated for
30 minutes at 60°C and separated within a 1.2 T magnet
(Kanetec, Japan). To synthesize TFNs, Fe O,, and TiO,

378
nanoparticles were added into ethanol so that the Ti/

synthesize ~ methodology  and
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Fe and Fe?*/Fe**ratios were 1/1 and 1/2, respectively.
The suspension was sonicated at 100 W and 60°C for
35 minutes. Black precipitate was collected and put into
the oven for 12 hours at 185°C. The powder was washed
several times with ethanol and water, and then, calcined
for 2 hours at 3000C (15,16).

The nanocomposite was characterized through field
emission scanning electron microscopy (FESEM, MIRA3-
FEG, US) equipped with an energy dispersive X-ray
spectroscopy (EDX) adapter, which is a surface analytical
technique. Fourier-transform infrared spectroscopic
(FTIR) was applied to analyze the functional groups
on the sample surface (Necolet 6700, USA). The crystal
structures of the nanocomposite were determined using
an X-ray diffraction pattern (XRD, diffractometer Bruker
AXS D8, Germany).

Reactor Setup

A glass cylinder reactor was used for experiments with
the effective volume of 500 mL (10 ¢m diameter, 12 cm
height). One UV-LED light source (14W-KINGBO) was
applied for the irradiation with a 395-400 nm wavelength.
The ultraviolet irradiation was monitored by the ultrafast
fiber optic spectrometer (AvaSpec-128, Avantes, the
Netherlands). The distance between the UV-LED source
and sample surface was 5 cm. The UV-LED lamp had an
outer diameter of 9 cm consisting of 7 LED components, 2
watt each. The viewing angle was around 120°, so that the
emitted radiation could cover the whole sample surface.
The solution temperature was kept at about 25°C. The
UV-LED reactor system is shown in Figure 1.

Photocatalysis experiments

The RR198 solution was added to the reactor with
desired concentration. The solution pH was adjusted to
the desired value using dilute NaOH and H2SO4 (1.0
M). Then, the TFNs was added to the solution, and after
that, PS was added to the sample. To make the solution,
homogenous magnetic stirrer was used and the sample
was irradiated with a UV-LED source for different time
intervals. Immediately after collecting the sample, sodium

NaO,S

thiosulfate was added to quench any residual sulfate
and hydroxyl radicals. Then, suspended nanocomposite
particles were separated via centrifugation at 5000 rpm
for 5 minutes followed by filtration through a 0.22 pm
filter (17).

UV-Vis spectra for RR198 were recorded through a
UV-Vis spectrophotometer (TU-1901). The RR198 dye
concentration was determined through HACH DR 5000
spectrometer at 518 nm wavelength. Decolorization
efficiency was obtained using Eq. (1).

% dyeremoval = %x 100 Eq. 1

Where C, is the initial concentration and C, is the
final concentration. The mineralization of RR198 was
determined by measuring total organic carbon (TOC)
through a TOC analyzer (Shimadzu).

Experimental design

For modeling and optimization of the RR198 removal
efficiency, the RSM model was selected and implemented
in Design-Expert 11 software. Here, five independent
variables including initial concentration, solution
pH, TFNs dosage, UV-LED irradiation time, and PS
concentration were investigated. The RR198 removal
percentage would be dependent on the response variable.
The ranges and levels of the independent variables are
demonstrated in Table 1. The CCD was applied for design
of experiments. Finally, 45 tests (45 runs) were designed,
which are represented in Table 2.

Table 1. Range of the studied variables

Level

Parameters

2 ] 0 +1 +2
A C-RR198 (mg/L) 10 20 30 40 50
B pH 3 5 7 9 1
C TFNs(g/L) 0.1 0.15 0.2 0.25 0.3
D Time (min) 10 30 50 70 90
E PS(mM) 0.2 0.4 0.6 0.8 1
Total number of experiments 45

e Fe50O5-TiO:

Figure 1. The schematic diagram of UV-LED reactor
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Table 2. RSM-CCD experimental and predicted results

Run COn:::tg,-:ﬁon pH TFNs Time PS actual Predicted
Order value value
A B (o] D E
1 10 7 02 50 0.6 54.32 55.36
2 20 5 015 30 04 4532 42.07
3 20 5 025 30 04 5548 57.27
4 20 5 015 30 08 5138 54.18
5 20 5 025 30 08 6964 69.38
6 20 9 015 30 04 1834 17.96
7 20 9 025 30 04 1915 18.04
8 20 9 015 30 08 2438 25.03
9 20 9 025 30 08 26.13 25.12
10 20 5 015 70 04 6212 57.43
1 20 5 025 70 04 7112 72.64
12 20 5 015 70 08 71.16 69.54
13 20 5 025 70 08 8316 84.74
14 20 9 015 70 04 2318 25.04
15 20 9 025 70 04 2568 25.12
16 20 9 015 70 08 2995 32.12
17 20 9 025 70 08 3167 322
18 30 7 02 10 0.6 2564 25.37
19 30 3 02 50 06 7854 79.62
20 30 7 02 50 0.2 40.73 38.78
21 30 7 041 50 06 28.37 29.78
22 30 7 02 50 06 51.87 55.63
23 30 7 02 50 0.6 55.67 55.63
24 30 7 02 50 06 57.24 55.63
25 30 7 03 50 06 5517 51.66
26 30 7 02 50 1 58.12 57.97
27 30 1 02 50 0.6 13.89 10.71
28 30 7 02 90 0.6 4533 435
29 40 5 015 30 04 2835 28.51
30 40 5 025 30 04 4534 50.31
31 40 5 015 30 08 43.19 40.62
32 40 5 025 30 08 66.87 62.41
33 40 9 015 30 04 1247 12.14
34 40 9 025 30 04 1357 18.81
35 40 9 015 30 08 1833 19.22
36 40 9 025 30 08 2638 25.89
37 40 5 015 70 04 3742 39.57
38 40 5 025 70 04 6315 61.36
39 40 5 015 70 0.8 47.16 51.67
40 40 5 025 70 08 7438 73.46
41 40 9 015 70 04 16.12 14.91
42 40 9 025 70 04 1997 21.58
43 40 9 015 70 08 2387 21.99
44 40 9 025 70 08 26.17 28.66
45 50 7 02 50 06 414 38.26

The results of the experiments showed a high agreement
with the quadratic RSM model (Eq. 2).

k k kk
y=B,+dBX+DBX+D Y BX X, +¢  Eq.2
i=1 i=1 i=1 i j=1

Wherey, X, k, B, B, B, B, and e represent the predicted
responses, encoded independent variables, number of
variables, model constant, coefficients of linear variables,
coefficients of second-order variables, coefficients of
variables interactions, and the error rate, respectively
(18,19).

In this study, the optimization module implemented
in Design-Expert software was applied to optimize
the studied variables. The target is to maximize the
decolorization within the initial concentration range
from low to high levels.

Results

Figures 2A and 2B show the FTIR spectra and XRD
pattern of TiO,, Fe,O,, and TFNs. FESEM images of Fe,O,,
TiO,, and TFNs are shown in Figure 2C. EDX analysis of
TFNs is visible in Figure 2D. Figure 2E illustrates the UV-
Vis absorption spectra at different irradiation times at 50
mg/L concentration and pH=5 in the presence of TFNs
and PS under UV-LED light.

The results of ANOVA in statistical analysis are
represented in Table 3. Figure 3 demonstrated the
diagnostic plots in the output of the RSM model.
Figure 4A to 4C represent the RSM model response
for studied variables. Figure 4E shows the optimized
variables. Figure 5 stands for the degradation rate of
RR198 in different conditions such as pH=3, RR198
concentration =50 mg/L, reaction time =90 min. Figure 6
explains the mechanism of free radical production in UV-
LED/TFNs/PS system. Figure 7 illustrates the linear
regression of pseudo-first-order reaction kinetics
at photocatalyst dosage 0.3 g/L, pH=3, initial
concentration=50 mg/L, and time=90 min. Also, the
comparison of the performance of nanocomposites in
different photocatalytic processes in the removal of dyes
is presented in Table 4.

Discussion

TFNs characteristics

Figure 2A shows the FTIR spectra of TiO,, Fe,O,, and
TFNs. The FTIR spectra were obtained at a wavenumber
range of 400-4000 cm™ under ambient conditions. The
TFNs absorption peaks demonstrated the combination
of TiO, and Fe,O, peaks. TFNs spectra show the O-H
stretching vibration absorption peak at 3435 cm™, which
is close to that for TiO, and Fe,O, spectra at 3441 and
3413 cm™, respectively. Also, the presence of a peak at
about 1630 cm is arising from the hydroxyl groups. The
stretching vibration at about 1043-1405 cm™ indicates the
presence of Ti-O and Fe-O-Tibonds. The peak at around
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Figure 2. (A) FTIR spectra; (B) XRD pattern; (C) FESEM images; (D) EDX analysis of TFNs; (E) UV-Vis absorption spectrum of the RR198 at different
irradiation times (experimental conditions: RR198 =50 mg/L, pH=5, TFNs=0.03 g/L, S$,0,> =1 mM)

472-775 cm™ shows the Ti-O-Ti bands, which is relatively
more comprehensive due to the overlapping of Ti-O and
Fe-O peaks, confirming the attachment of TiO, on the
surface of Fe O, and successful TFNs synthesis (25).

The XRD pattern in the 20 ranges of 4-60° was shown in
Figure 2B. The XRD pattern of the TiO2 nanoparticles is
shown in Figure 2B. The 20 at peaks 25°, 37-38°, 48°, and
54-55° confirms the TiO2 anatase structure. Figure 2B
represents a series of diffraction peaks at around 26 of 31°,
33°, 36°, 44°, 53°, 57°, which are related to the planes of
Fe,O,. The XRD pattern of TENs in Figure 2B, indicates
diffraction peaks at around 20 of 25°, 35-37°, 48°, 54°,
and 56° (15). In addition to the peaks from Fe304, there
are the peaks of TiO2. The TENs peak intensity and peak
position in the XRD pattern demonstrate the crystalline
photocatalyst structure (26).

The FESEM images of Fe,O,, TiO,, and TFNs are shown
in Figure 2C. TiO, nanoparticles are homogeneous in
morphology and texture with a smooth surface, while some

dots are visible in TFNs, which show the Fe O, nanoparticles.
Fe,O, nanoparticles formation is evident in Figure 2C. TiO,
nanoparticles are somewhat larger than Fe,O,. The TFNs is
still at the nanoscale and less than 100 nm.

An EDX spectrum are plotted in Figure 2D and identifies
the elements corresponding to each of the peaks.

Here, it shows the presence of Ti and Fe in TENs. The
weight percentage of Ti 25.01% was approximately equal
to Fe 23.62%, indicating the successful synthesis of TFNss,
and no impurities were found in EDX mapping.

The absorption  spectrum
decolorization of RR198

Figure 2E demonstrates the UV-Vis absorption spectra
at different irradiation times at 50 mg/L concentration
and pH=5 in the presence of TFNs and PS under UV-
LED light. The maximum absorption peak of RR198 is
observed at 512 nm. Figure 2E shows that with the increase
of time, the absorption peak intensity decreases because

and  photocatalytic
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Table 3. ANOVA results for quadratic RSM model

Source ssquur;lrzfs s'\:z::e F value P value
Model 1.74 16 0.1086 123.77  <0.0001*
A-RR198 Con. 0.0731 1 0.0731 83.25 <0.0001*
B-pH 1.19 1 1.19 1352.85 <0.0001*
C-TFNs 0.1196 1 0.1196 136.26  <0.0001*
D-Time 0.0822 1 0.0822 93.66 <0.0001*
E-PS 0.0920 1 0.0920 104.80  <0.0001*
AB 0.0120 1 0.0120 13.65 0.0009*
AC 0.0087 1 0.0087 9.90 0.0039*
AD 0.0037 1 0.0037 4.23 0.0491*
BC 0.0457 1 0.0457 52.09 <0.0001*
BD 0.0137 1 0.0137 15.62 0.0005*
BE 0.0051 1 0.0051 5.77 0.0232*
A2 0.0124 1 0.0124 14.17 0.0008*
B2 0.0175 1 0.0175 19.95 0.0001*
Cc? 0.0356 1 0.0356 40.51 <0.0001*
D? 0.0719 1 0.0719 81.87 <0.0001*
E? 0.0084 1 0.0084 9.59 0.0044*
Residual 0.0246 28 0.0009

Lack-of-fit 0.0231 26 0.0009 1.16 0.5651
Pure error 0.0015 2 0.0008

Cor Total 1.76 44

R? 0.9861

Adjusted R? 0.9781

Predicted R? 0.9630

Ay
* Significant.

of the decrease in RR198 concentration. It demonstrates
the RR198 complete degradation or conversion into
intermediate products under UV-LED irradiation in the
presence of a photocatalyst.

Modeling and optimization

The RSM framework was used for modeling of UV-
LED photocatalytic degradation of RR198 using TFNs
through central composite experimental design. After
evaluation, the quadratic polynomial to model showed
the best prediction. The actual and predicted results are
shown in Table 2. The final actual and coded equations
were observed in Egs. (3 and 4), which consist of 18
P-values calculated from the One-Way ANOVA (analysis
of variance), by the 95% confidence interval.

Decolorization=-1.32012-0.001716*RR198 Con. +0.096
712*pH +0.0087141*TFNs +0.020751*Time + 1.00377*P
S+0.000968*RR198 Con.* pH +0.000330*RR198 Con.*
TFNs-0.000054*RR198 Con.* Time-0.003780*pH * TFNs-
0.000518*pH * Time-0.031437*pH * PS-0.000220*RR198
Con.?-0.006539*pH?>-0.001491*TFNs?-0.000132* Time?-

0.453281*PS** (3) Eq.3

Decolorization =+ 0.5563-0.0855* A -

0.3446*B +0.01094*C + 0.0907*D + 0.0959*E + 0.0774*
AB+0.0659*AC-0.0431AD-0.1512BC-0.0828*BD-0.0503
*BE-0.0882%A2%-0.1046*B?-0.1491* C?-0.2119*D?-0.0725*

E? Eq. 4

Where Y is the decolorization percentage of RR198, and
other parameters were introduced in previous sections.

The results of ANOVA are represented in Table 3.
According to the results, the nonlinear quadratic model
would be appropriate due to the very low P value, which
is smaller than 0.0001, and it led to a significant model.
Furthermore, the lack-of-fit test was insignificance
(P=0.5651). It compares the residual error with the pure
error from replicated design points. If residual error is
greater than the pure error, then, the lack-of-fit test is
significant, and therefore, the model could not be used.

Moreover, the coefficient of determination (R?) value
of 0.9861 is in reasonable agreement with the adjusted
R? value of 0.9781, indicating an excellent agreement
between the predicted and actual data. The predicted R?
is equal to 0.9630, indicating that the proposed model has
a high predictive capability for new observations. This
could be illustrated in Figure 3A.

Also, the normal distribution plot of the studentized
residuals was shown in Figure 3B. If this graph follows
a linear trend, it shows that the distribution of errors is
normal. The nonlinear trend emphasizes on abnormal
error distribution. As a result, there will be a need to
modify the design of experiments or re-examine the
responses. Asshownin Figure 3B, the studentized residuals
have a normal distribution, and the error variance is
homogeneous. Figure 3C represents the Cook’s distance
against the run number. Cook’s distance is used to assess
the influence of single or sets of observations in the RSM
model. The higher the Cook’s distance, the greater the
impact of its observation. Generally, the Cook’s distance
greater than 1.0 or separated from the rest are influential
data and should be eliminated. Therefore, based on
Figure 3C, there is no observation that was excessively
insignificant on the model. Furthermore, the adequate
precision value of the proposed model was 40.65. Ratios
greater than 4 indicate adequate model discrimination
(27,28).

In the RSM model, the 3D plots could be used for
response surfaces visualization to monitor the response
variations with respect to two variables and keep fixed
other variables. In Figures 4A to 4D, the model response
can be seen. In Figure 4E, the optimum points of the
studied variables were introduced via the numerical
optimization module in Design-Expert software.

Figure 4A represents the dye concentration vs. pH;
it shows that the RRI198 decolorization increased
enormously by decreasing the pH value at all investigated
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Figure 3. Diagnostic plots in the output of RSM model

dye concentrations. It emphasizes that the decolorization
efficiency is highly affected by pH (29). According to
other research, the adsorption has an important effect on
photocatalytic degradation of azo dyes, especially when the
TiO,-based photocatalyst is used (13). The results of this
study indicated that RR198 adsorbed on TFNs at acidic
pH, because the adsorbent surface has a positive charge,
and the anionic dye is well absorbed due to electrostatic
attractions (30). Based on Figure 4E, the optimum RR198
degradation efficiency occurred at pH 3.0-4.25. Kaur et al.
investigate the photocatalytic degradation of RR198 using
N, Fe codoped TiO, nanoparticles under visible light
and pointed out that at pH 3, the maximum dye removal
occurred (31).

Asshown in Figure 4B, the RR198 removal was gradually
decreased with the increase in initial concentration
of dye from 10 to 50 regardless of TFNs dosage. Also,
with increasing TFNs, the decolorization efficiency
increased sharply and TFNs coupled with UV-LED could
degrade RR198 significantly through the photocatalytic

decomposition mechanism. In addition, with increasing
the TFNs dosage, the photon absorption on the surface
of the catalyst was increased, which led to accelerating
the photocatalytic degradation of RR198 (15,32). The
optimum decolorization is observed at TFNs catalyst
dosage in the range of 0.19-0.3 g/L (Figure 4E). However,
more increase in catalyst dosage led to an increase in
turbidity and a decline in light penetration and increasing
in scattering effect, thereby, reducing the degradation
efficiency (33).

In Figure 4C, the variations of efficiency as a function of
time and dye concentration are visible. It is clear that by
increasing the reaction time, the decolorization efficiency
was increased regardless of the initial dye concentration.
After reaching equilibrium time, the maximum
decolorization efficiency was achieved, and it did not
change anymore. The equilibrium time at different initial
concentrations of dye was reached at 62-85 minutes. In
a research conducted by Zazouli et al, the reaction time
for photocatalytic degradation of Brilliant Blue FCF by
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Table 4. Comparison of different photocatalytic processes in the removal
of dyes

Removal Mineralization Time

Process efficiency (%) (%) (min) Reference
UV-LED/TFNs/PS 98.1 61.1 62  This study
CNS-Si0,@TiO, 75 - 90 (20)
TiO, P25 99 74 120 (21)
UV/ZnO - 70-80 240 (22)
TiO, 88.78 76.95 90 (23)
Zn0O modified on % ) 60 (24)

activated carbon

Fe,O,-TiO, nanoparticles in the presence of PMS and UV
sources was considered 60 minutes (15).

Figure 4D represents the effects of PS ion dosage on
decolorization efficiency. By increasing PS concentration,
the removal efficiency increased. The following, more
explanation at about how PS affects the process. The
optimum molar concentration of PS was obtained about
0.8-1 Mm (Figure 4E). Du et al demonstrated that with

0.5 g/L TiO,/g-C3N4 photocatalysts and 2 mM PS, TOC
could be decreased approximately 82.5% in 60 min (34).

The mechanism, mineralization, kinetic, and reusability
study

To better understand the photocatalytic decolorization
mechanism of RR198, experimental studies using
different catalysts were carried out, the results are shown
in Figure 5. According to the results, using UV-LED, PS,
UV-LED/PS, TENs, and TiO,/PS had no more than 10%
decolorization and did not have enough ability to produce
free radicals for RR198 degradation. In the mentioned
processes, the dominant mechanism for decolorization
was adsorption onto catalysts.

The decolorization efficiency using UV-LED/TiO,
and UV-LED/TENs photocatalysts was about 21.4%
and 40.7%, respectively; because of the excitement of
photocatalysts in the presence of UV-LED and HOe
production, decolorization considerably increased. UV-
LED/TFNs were able to remove RR198 somewhat higher
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through the photocatalytic mechanism. This is because
of UV-LED light source was applied here with 395-
400nm wavelength, which could not effectively activate
TiO, with band-gap typically of about 3.2 eV; while the
higher reactivity of TENs could be described by a band-
gap of about 2.8 eV, so UV-LED wavelength was powered
enough to activate TFNs (32,35).

UV-LED/TiO, with the synergetic effect of PS via
conduction electrons and radical sulfate production,
improved decolorization to 48.9%. The TENS/PS, in the
absence of UV-LED light, revealed 51.8% decolorization.
Because of the presence of Fe,O, nanoparticles on TiO,,
PS activation is accelerated via Fe (II)/Fe (III) cycle and
produces sulfate radical. In addition, by increasing pH,
more sulfate radicals could be transformed to hydroxyl
radicals (OHe) through the direct conversion of SO4e- in
the hydrolysis reaction with H20, based on Egs. (5 and
6) (36). Furthermore, PS maybe decomposed by hole
(h+) and generate S208e-, which is a weaker oxidant in
comparison with SO4e- and HOe. (37).

Fe* + 8,0 — Fe™* +50,” + 50, Eq.5
SO,” +H,0 — OH’ + HSO, Eq.6

As shown in Figure 5, Fe,O, nanoparticles and
TFENs were applied for PS activation, separately. Fe,O,
could successfully catalyze PS and achieved 63.1%
decolorization efficiency. The higher efficiency of the
Fe,O,/PS compared with TFNs/PS denotes that Fe,O,
would be the principal agent for PS activation. Therefore,
transition metals have an effective role in the powerful
radical generation, which accelerating degradation
efficiency. But the decolorization using Fe O,/PS and
UV-LED/Fe,O,/PS has no significant difference, because
Fe,O, has no photocatalytic activity. Eventually, UV-LED/
TFNs/PS showed the highest catalytic activity for RR198
decolorization at 87.6% (36,38). Zazouli et al indicated
that Fe,O,/TiO,/PMS nano photocatalyst in the presence
of UVA-LED completely decolorized Brilliant Blue FCF
dye in 60 min reaction time. They demonstrated that
UVA-LED/Fe,O,/TiO,/PMS had higher efficiency than
UVA-LED/Fe,0,/PMS and UVA-LED/TiO2/PMS (15).
The mechanism of decolorization in UV-LED/TFNs/PS
is illustrated in Figure 6.

The high decolorization from the solution does not
mean complete mineralization of organic compounds. In
this study, the dye mineralization during the degradation
process is assessed through the TOC analysis. The
mineralization of RR198 in initial concentrations of 10
and 50 mg/L during the optimum conditions (reaction
time=90 min, pH=3, TFNs=0.3 g/L, PS=1.0 mM)
were evaluated about 61.1% and 49.6%, respectively.
Meanwhile, the decolorization efficiency in the same
conditions was about 98.1% and 87.6%, respectively.

The degree of mineralization was higher at lower initial
concentrations and the same reaction time.

The effect of three main processes compared in this
section (UV-LED/TiO,/PS, UV-LED/Fe,O,/PS, and
UV-LED/TFNs/PS) on the rate of RR198 decolorization
were investigated at an initial RR198 concentration of 50
mg/L, pH 3, and photocatalyst of 0.3 g/L (Figure 7). By
plotting Ln(C0/C ) versus time, the decolorization rate
constant (k) was obtained, the values of which were in
agreement with pseudo first-order kinetics as confirmed
by other researchers (15,17,39-41). Figure 7 represents
that the k values for UV-LED/TiO,/PS, UV-LED/Fe,O,/
PS, and UV-LED/TFNs/PS processes were calculated at
0.0072, 0.0119, and 0.0228 min, respectively. Obviously,
the decolorization rate constant increased by using TFNs
instead of Fe,O, and TiO,.

Kaur et al. investigated the photocatalytic degradation
of RR198 using N, Fe codoped TiO, nanoparticles under
visible light at initial concentration of 10 mg/L, pH 4.6,
catalyst=1.2 g/L, and the decolorization rate constant
(k) was calculated 0.027 min? (31). Wu et al assessed the
decolorization of RR198 in UV/TiO,/Na,S 0, systems
and the kinetic constants of photocatalytic degradation at
initial concentration in the range of 10-80 mg/L, pH=7,
Na §,0,=0.5 mM, and TiO,=0.5 g/L were obtained
0.0226-0.2424 min™.

Also, Table 4 compares different photocatalytic
processes in the removal of dyes. The results show the
acceptable performance of the method studied in this
research for RR98 dye.

For the economical application of photocatalysts, the
reusability of them has always been a concern. Hence,
decolorization experiments of RR198 solution with initial
concentration of 50 mg/L was performed in the presence
of UV-LED/TENs/PS (TFNs 0.3 g/L, PH 3, PS 1 mM, and
reaction time 90 minutes). After each cycle, the TFNs
were separated with a magnet and washed five times
using distilled water, then, dried in the oven at 103°C for
1 hours. This process was repeated for 5 cycles in the same
conditions. In each cycle, the initial concentration of dye
was kept constant. The decolorization efficiency in the
first to the fifth cycles was equal to 87.6%, 86.2%, 83.3%,
76.9%, and 67.1%. Generally, the decolorization gradually
decreased with a steeper slope. This could be a result of
two main reasons, first, the formation of intermediate
complexes on the surface of photocatalyst, which
prevent the PS activation and free radical production,
and second, ferric or ferrous ion leaching from Fe,O,
nanoparticles, which led to the reduction of iron content
in the photocatalysts. Despite the declining trend of
decolorization, after 4 cycles, the total degradation
efficiency has dropped by about 10%. Therefore, it could
be concluded that the TFNs are reusable nanocomposite
photocatalyst that supports four cycles of use (15).
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Conclusion

In the present study, a TiO,-Fe,O, nanocomposite catalyst
was synthesized and investigated for photocatalytic
decolorization of RR198 solution under UV-LED
irradiation in the presence of persulfate, which can act as
an electron acceptor. The results of FTIR, XRD, FE-SEM,
EDX and UV-Vis absorption analyzes showed that TFN
nanocomposite was successfully synthesized. The results
revealed that the TFNs photocatalyst has a good ability
to degrade RR198 dye under visible light. Modeling and
optimization through RSM demonstrated the maximum
decolorization of RR198 at an initial concentration of 10-
50 mg/L was reached under UV-LED irradiation of 62-
85 min, PS=0.8-1 mM, 0.19-0.3 g/L TFNs, and pH=3.
According to the results, the nonlinear quadratic model
would be appropriate due to the very low P-value, which
is lower than 0.0001 and it led to significant model.
Furthermore, the lack-of-fit test reveals insignificance
(P=0.5651). Also, the coefficient of determination
(R?) value of 0.9861 is in reasonable agreement with
the adjusted R* value of 0.9781, which demonstrates an
excellent agreement between the predicted and actual
data. The kinetics of the process was in agreement with
pseudo-first-order. The k-values for UV-LED/TiO,/PS,
UV-LED/Fe,O,/PS, and UV-LED/TENs/PS processes
was calculated to be 0.0072, 0.0119, and 0.0228 min
!, respectively. The mineralization of RR198 at initial
concentrations of 10 and 50 mg/L under the optimum
conditions were determined about 61.1% and 49.6%,
meanwhile, the decolorization efficiency in the same
conditions was about 98.1% and 87.6%, respectively.
Furthermore, the reusability assessment demonstrated
that TFNs are reusable nanocomposite photocatalysts,
which support four use cycles with a 10% reduction in
efficiency.
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