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Abstract: Color and organic matter removal from dyehouse effluent remains a challenging issue
for the environmentalist and textile dyer. Until now, various treatment processes have been pro-
posed with limited success. In this study, the textile dye and model industrial pollutant Reactive
Black 5 (RB5; 20 mg/L) could be rapidly degraded by persulfate (PS)-enhanced photocatalytic
treatment using a novel, home-made lanthanum iron oxide (LF; 0.5 g/L). LF-mediated heteroge-
neous photocatalysis was effective when the solution pH was kept below 4. The photocatalytic
degradation of RB5 solution was enhanced in the presence of 0.6 and 1.2 mM PS. The dissolved
organic carbon (DOC) content of the aqueous, hydrolyzed RB5 solution (initial DOC = 5.15 mg/L)
was effectively reduced by LE/UV-A (LF = 0.5 g/L; 52-54% DOC removal after 150-180 min) and
LF/PS/UV-A (LF = 0.5 g/L; 60-66% DOC removal after 120 min) treatments. LF photocatalyst
could be reused in four consecutive cycles for complete color and partial DOC removals without
significant deterioration of the treatment performance with the LF/PS/UV-A/pH 3 process. In-
strumental analyses of LF’s surface morphology/chemical composition and structural features via
EDAX/SEM/Raman/FTIR/UV-vis/fluorescence spectroscopy indicated that LF remained practically
intact throughout photocatalytic treatment, though slight changes/decreases in particle size/partial
surface deformation and agglomeration coverage were observed, particularly during LF/PS/UV-A
treatment. The presence of RB5 and its degradation products on the LF surface revealed that sur-
face adsorption played a major role in LF-mediated photocatalysis. The Fe-content did not deviate
appreciably from its original value after photocatalytic treatment.

Keywords: Reactive Black 5 (RB5) textile dye; persulfate-enhanced lanthanum-iron-oxide-mediated
heterogeneous photocatalysis; color and organic carbon removals; photocatalyst reuse; spectroscopy;
surface properties and chemical composition

1. Introduction

Textile industry wastewater is known for its complex and refractory nature, mainly
because of the use of various dyes and dye auxiliary chemicals. Among the textile industry
dyes, fiber-reactive dyes deserve special attention since they cannot be used after the dyeing
process and end up in the spent reactive dyebath effluent in their hydrolyzed, unfixed
form [1]. Commercial dyes including reactive dyes are intentionally designed to resist
biological degradation, photolytic/photochemical, as well as thermal decomposition, ren-
dering them difficult-to-treat industrial chemicals [1,2]. Hence, the concentration of spent
(hydrolyzed, unfixed) reactive dyes can easily reach higher “mg/L” (in water: ppm) levels
in receiving natural water bodies and up to 100 mg/L in spent, reactive dyebath effluent [2].
Several advanced treatment methods, such as adsorption, membrane operations, as well
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as advanced chemical/photochemical /photocatalytic oxidation processes (abbreviated
as AOPs; namely (photo)sonolysis, Fenton, Photo (ferrioxalate)-Fenton, semiconductor-
mediated heterogeneous photocatalysis, (photo)catalytic ozonation, etc.) have already
been studied for color and organic carbon removal from dyehouse effluent with promis-
ing results [3-5]. However, color removal from dyehouse effluent remains an unsolved
treatment problem, particularly in developing countries where affordable, ecologically
friendly and hence “sustainable” treatment is prioritized. In fact, for efficient color removal,
mostly energy-intensive, advanced treatment processes have to be employed. In the last
decade, the use of sulfate radical (SO4°~)-mediated AOPs have attracted great interest,
and persulfates (peroxydisulfate; peroxymonosulfate) have been activated by thermal,
sonolytic, photolytic, and photocatalytic means, with great promise. SO4°*~ is known to
eventually be more selective and effective in the treatment of several refractory organic
pollutants found in water and wastewater [6,7]. In particular, the positive role of persulfates
in heterogeneous photocatalysis has been explored and explained by a complex, multi-step
free-radical-based mechanism [8]. Among the semiconductor materials, perovskite-type
oxides with general-formula ABOs have received great attention because of their unique
physicochemical properties [9,10]. Perovskite-structured lanthanum-iron oxide (LaFeOs;
abbreviated as LF herein) nanoparticles are commonly used for fuel cells, as well as mag-
netic and gas sensors [9-11]. In recent work, their photocatalytic activity under near-UV,
visible, and solar light radiation has also been explored [12,13]. LF has shown great po-
tential for the degradation and inactivation of various complex, organic pollutants, e.g.,
humic acids and microorganisms [14-16]. More recently, Koba-Ucun et al. [17] investigated
the potential of a home-made LF photocatalyst in the degradation of the textile diazo
dye Reactive Black 5 (RB5) that was selected as the model refractory industrial pollutant
under UV-A light irradiation. In that study, the effect of peroxydisulfate (PS) on LF/UV-A
treatment was explored for the first time. Their work focused on process optimization
(effect of LF concentration and pH), the effect of PS addition, elucidation of color and
dissolved organic carbon (DOC)-removal kinetics, as well as the reuse potential of the
LF photocatalyst. LE/PS/UV-A and LF/UV-A treatments were also applied to real tap
water and treated urban sewage effluent samples to examine their DOC-removal perfor-
mance [17]. The authors also studied Fe release to explain the role of PS in LE/PS/UV-A
treatment for color and DOC removals from a hydrolyzed RB5 solution. However, more
comprehensive research based on instrumental analytical methods would be necessary
to explain the reaction mechanism, oxidation enhancement, and LF-reuse performance of
the LE/UV-A and LF/PS/UV-A processes to gain a better insight into this photocatalytic
treatment process before their real-scale application potential could be envisioned.

Considering the above-mentioned issues, the present study was planned as an exten-
sion of the above-mentioned previous work on the LF/UV-A and LF/PS/UV-A treatments
of industrial pollutants. It aimed to explore the potential of a home-made LF photocatalyst
in the degradation of the commercially important textile industry dye RB5, which was
again selected as the model refractory industrial pollutant. In the first part of the present
study, the treatment performance and reuse potential of LF in LF/UV-A and LF/PS/UV-A
treatments were demonstrated. The treatment performance was followed by measuring
changes in color and DOC, while the reuse potential was assessed by using the same LF
photocatalyst in four consecutive cycles for color and DOC removals. In the second and ma-
jor part of this work, changes in chemical composition and surface morphology before and
after LF/UV-A and PS/UV-A treatments via EDAX/SEM/FTIR/RAMAN measurements
were explored in detail. Experimental findings and instrumental analytical results were
supported with spectroscopic measurements. The novelty of this work not only comes
from the treatment approach, but also the extensive instrumental assessment of the surface
properties and structural changes in the home-made photocatalyst.
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2. Materials and Methods
2.1. Materials

Home-made LF with a particle size of 43 nm and a BET surface area of 13 m?/g was
used in the photocatalytic experiments. The synthesis and characterization procedures
were described elsewhere [14,18]. Aqueous RB5 was prepared as a 0.4 g/L RB5 stock
solution in hot (60-70 °C) distilled water. In total, 4.0 g/L of 12 N NaOH was added into
the hot stock solution to ensure complete hydrolysis of the fiber-reactive dye [19]. Prior
to each run, the stock solution was adjusted to room temperature and diluted to 20 mg/L
RB5 with distilled water, then its pH was adjusted to the desired value to mimic reactive
dyehouse effluent from the washing and rinsing stages. All chemicals used in this study
were analytical grade and purchased from Merck (Darmstadt, Germany).

2.2. Photocatalytic Experiments

Details of the photocatalytic reactor set-up were given elsewhere [19]. The total in-
cident photon flux of the UV-A lamps Iy was 0.5 W/L (irradiated surface area: 94.2 cm?).
Prior to all photocatalytic experiments, the pH of the hydrolyzed RB5 solution was adjusted
with 1-6 N HySOj. Thereafter, LF photocatalyst was added into the reaction solution and
the slurry was stirred for 10-15 min in the dark in order to obtain an equilibrium adsorp-
tion condition, which has been established in previous work as the dark pre-equilibrium
adsorption time period for LF [16]. Photocatalytic experiments were run with and without
PS, which was added at two different concentrations (0.6 mM and 1.2 mM) considering pre-
vious related work and the stoichiometry of PS to the RB5 dye. Finally, the photocatalytic
reaction was initiated in the presence of UV-A light for 90, 180, 210, and 240 min depending
on the type and kinetics of the treatment system (either LF/UV-A or LF/PS/UV-A).

2.3. Multiple-Reuse Experiments

Multiple-reuse experiments were conducted under optimized LF (0.5 g/L)/UV-A (0.5
W/L; 180 min) and LF (0.5 g/L)/PS (0.6 mM)/UV-A (0.5 W/L; 90 min; pH 3) treatment
conditions. For this purpose, the used LF photocatalyst was filtered through 0.22 um
Millipore filters and rinsed several times with distilled water. The rinsed LF was dried in an
oven (Memmert UF55; Schwach, Germany) for 60 min at 105 °C and stored in a desiccator
prior to use. The LF samples were used in 4 consecutive cycles after applying the above
treatment procedure.

2.4. Substrate Characterization, Photocatalyst Composition, and Morphology
2.4.1. UV-Vis and Fluorescence Spectroscopic Analyses

UV-vis absorption spectra were recorded using a Perkin Elmer Lambda 35 spectropho-
tometer. Synchronous-scan fluorescence spectra were acquired by an A Perkin Elmer LS
55 luminescence spectrometer equipped with a 150 W xenon arc lamp and a red-sensitive
photomultiplier tube in the excitation wavelength range of 200-600 nm (AA = 18 nm). EEM
fluorescence contour plots were constructed based on the fluorescence data recorded in
the excitation wavelength range of 200-500 nm with 10 nm steps and emission wavelength
range of 200-600 nm with 0.5 nm steps. EEM fluorescence contour plots were plotted
as fluorescence intensity with respect to emission and excitation wavelengths by using
Matlab 2013a.

2.4.2. SEM/EDAX Analyses

Scanning electron microscopy (SEM) was complemented with ESEM-FEG/EDAX
Philips XL-30 instrument operated at 20 kV. For SEM/EDAX analyses, samples were stuck
on carbon tape and coated with a layer of platinum film.
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2.4.3. FTIR Analyses

FTIR measurements were carried out using a Thermo Scientific Nicolet 6700 spectrom-
eter equipped with an attenuated total reflection accessory. The spectra were recorded in
the frequency range of 4000-400 cm ! with a spectral resolution of 4.0 cm .

2.4.4. Raman Analyses

The Raman spectroscopy measurements were carried out by a Jobin Yvon LabRam
confocal microscopy Raman spectrometer using laser excitation at 632.8 nm. The instrument
was equipped with a charge-coupled device detector and a holographic notch filter. The
He-Ne laser power applied on the samples was 20 mW. The spectra were recorded with a
1800 grooves/mm grating and a 200 pm entrance slit.

2.5. Other Analytical and Instrumental Procedures

DOC was measured after centrifugation with a Shimadzu VPCN carbon analyzer
(Kyoto, Japan) equipped with an autosampler. The pH measurements were performed
with an Thermo Electron Orion 720 A pH-meter (Darmstadt, Germany).

3. Results and Discussion
3.1. Control (Baseline) Experiments

Several control (UV-A-only, LF-only, PS-only, PS/UV-A) and LF/UV-A experiments
were conducted as preliminary (control, baseline) experiments with 0.5 g/L LF (optimized
concentration) and 20 mg/L hydrolyzed RB5 solution at varying pH values (3.0-11.5) for
120 min. During all control and LF/UV-A experiments run at pH > 4, color removal always
remained below 10% except for PS/UV-A treatment, resulting in 83% color removal after
120 min treatment. Considering these findings, an acidic pH condition was required for
the effective adsorption of the negatively charged RB5 (a benzene sulphonate salt and
thus weak base) onto the LF surface (zero point of charge pH,pc = 8.9) and its subsequent
photocatalytic degradation [14-16]. Hence, all photocatalytic treatment experiments were
run at pH 3 and pH 4. However, SEM/EDAX, FTIR, and Raman analyses about changes in
the structural features and chemical composition of LF before and during photocatalytic
treatment of RB5 were performed at the entire studied pH range (3.0-11.5).

3.2. Photocatalytic Treatment Experiments

Until now, several photocatalysts, including 2D and 3D metal-based nanomaterials,
have been employed for textile dye degradation, as well as the removal of other micropol-
lutants, with high treatment success [20-24]. In the present study, LF/UV-A and LF/UV-A
baseline experiments with 0.6 mM and 1.2 mM initially added PS (indicated as “LF/PS/UV-
A” herein) were conducted and comparatively evaluated at pH 3 and pH 4 for 90-210
min, depending on photocatalytic treatment efficiency and color removal rates. From the
results shown in Figure 1, it was evident that over 90% color removal (Amax = 600 nm) was
achieved after 60-90 min of LE/UV-A treatment of aqueous RB5 at pH 3. Preliminary dark
RB5 adsorption was obtained as 13% and 20% at pH 3 and pH 4, respectively. For LF/UV-A
treatment at pH 3, DOC removals reached 52-54% upon 90 min and fluctuated thereafter
for 210-180 min, which we believed was due to the parallel increase in the reaction pH to
>4, which was detrimental to RB5 removal with the LF/UV-A process. Color and DOC
removals were appreciably enhanced in the presence of 0.6 mM and 1.2 mM PS as well.
From previous related experimental work and our recent study [17], it was evident that PS
had two functions in the treatment system,; firstly, it acted as a conduction-band electron
scavenger (Equation (2)), forming sulfate (SO;°~) radicals that enhanced the oxidation of
RB5 and its photocatalytic degradation products; contributing to the electron-hole charge
separation on the LF surface (Equation (1)). Secondly, PS could react with the bulk and
surface Fe (+II/+1II) ions, initiating Fenton-like reactions that may also contribute to the
photocatalytic oxidation rates (Equation (3)). From Figure 1 it is also apparent that color
removal (a) was practically complete (>99%) in only 25-30 min for LF/PS/UV-A treatment,
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Color Removal (%)

accompanied with 60-66% DOC (b) removals after 120 min, which was also compared with
0.6 mM PS/UV-A treatment in the absence of LF resulting in only 83% color and negligible
DOC removal (4%) thus emphasizing the expected enhancement in oxidation rates and
efficiencies.
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Figure 1. Color (peak absorbance) (a) and DOC (b) removal efficiencies obtained for LF/UV-A,
LF/PS/UV-A, and PS/UV-A treatments. Experimental conditions: RB5 = 20 mg/L; pH =3; LF = 0.5
g/L; PS=0.6 mM; and Iy = 0.5 W/L (UV-A).

The reaction equations that were mentioned above for (i) LF excitation, (ii) conduction-
band electron scavenging by peroxydisulfate (PS), and the (iii) “Fenton-like process” be-
tween Fe(Il) ions and PS are given below [7,8,17]:

LF + hv (E > Ebg) —ep *+ hl/b+ (1)
ey +$0g%" — SO4° + S04 2)
Fe?" + S,052~ — Fe3" +S04°~ + S04~ (3)

3.3. Photocatalyst Multiple-Reuse Experiments

The reuse of (photo)catalyst materials is a critical area of investigation to complete
the evaluation of the real-scale application potential of newly developed/home-made
(photo)catalytic (nano)materials [7-10,17]. In the present study, LF was used in four
consecutive cycles under optimized LF/UV-A and LF/PS/UV-A treatment conditions (0.5
g/L LF; 0.6 mM PS; pH 3; 0.5 W/L UV-A; and t = 210 min and t = 120 min, respectively)
using hydrolyzed RB5 solutions (20 mg/L). The multiple reuse experiments indicated
that there was no reduction in the performance throughout the treatment cycles involving
LF/PS/UV-A/pH 3 (99% color, 61% DOC removal); however, the treatment performance
worsened during LF/UV-A/pH 3 treatment (down to 90% color and 11% DOC removals).
Figures 2 and 3 depict changes in color and DOC values for 180 min LF/UV-A (a) and 90
min LF/PS/UV-A (b) treatments after each of the four treatment cycles.
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Figure 2. Changes in color (peak absorbance) values for LF/UV-A (a) and LE/PS/UV-A (b) treat-
ments. Experimental conditions: RB5 =20 mg/L; pH =3; LF=0.5g/L; PS=0.6 mM; [ =05 W/L
(UV-A); and t = 210 min for LF/UV-A and t = 120 min for LF/PS/UV-A treatment.
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Figure 3. Changes in DOC values for LF/UV-A (a) and LF/PS/UV-A (b) treatments. Experimental
conditions: RB5 =20 mg/L; pH =3, LF=0.5 g/L; PS = 0.6 mM; Iy = 0.5 W/L (UV-A); and t = 210 min
for LE/UV-A and t = 120 min for LF/PS/UV-A treatment.

From the obtained color (Figure 2) and DOC (Figure 3) abatement profiles, it is obvious
that the LF/PS/UV-A process outperformed the LF/UV-A process both in terms of RB5
(color) and DOC removals. Hence, LF/PS/UV-A could be preferably and safely applied
without any reduction in the treatment performance of LE. Conclusively, LF/PS/UV-A
treatment appeared to be the better, more suitable option for efficient and stable color
and DOC removals from dyehouse effluent. In the next sections of the study, the surface
properties, chemical composition, and morphology of the LF photocatalyst were studied
to gain further insight into the application potential of LF for the treatment of complex
parameters from industrial effluent.
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3.4. Substrate Characterization, Photocatalyst Composition, and Morphology
3.4.1. UV-Vis and Fluorescence Spectroscopic Analyses of RB5 Degradation

The photocatalytic degradation of RB5 using a 0.5 g/L concentration of LF at pH 3
was monitored by UV-vis spectroscopy and displayed in Figure S1. Four peaks related to
the benzene ring, vinyl sulfone, naphthalene ring, and azo double-bond regions of RB5
were observed. The maximum absorption peak (Amax) in the visible region centered at A =
600 nm was assigned to the conjugated azo bonds (-N=N-) of the dye. The chromophore
groups were responsible for the characteristic color of RB5. The intensity of this peak de-
creased gradually and disappeared after 240 min of irradiation, indicating that a complete
decolorization was achieved. The three absorption peaks observed in the UV region of
the spectrum located at A = 260 nm, A = 310 nm, and A = 392 nm were attributed to the
benzene ring, vinyl sulfone, and naphthalene ring of RB5, respectively [25-27]. The naph-
thalene ring was more slowly degraded compared with the benzene ring and vinyl sulfone
moieties of RB5, indicating much more stability in the photocatalytic system. However,
upon the addition of PS, UV-vis spectral features were evidently lacking any significant
absorbance variations at the specified wavelengths, displaying a steep increase at A < 250
nm. The synchronous scanning of fluorescence across a range of excitation and emission
wavelengths can generate a profile spectrum, unlike the one-dimensional absorbance scan-
ning of ultraviolet—visible wavelengths. Synchronous-scan fluorescence spectroscopic data
displayed a major peak at A¢mis = 350 nm and a minor peak at Agmis = 300 nm (Figure S2).
The major peak at A¢mis = 350 nm was accompanied with a shoulder peak at Agmis = 380
nm that diminished under early stages of treatment. The major fluorophores expressed a
decreasing fluorescence intensity profile with respect to the increasing irradiation period,
and both peaks converged upon the 120 min reaction period, indicating the co-presence
of fluorophores related to the degradation products. The minor peak also displayed a
decreasing profile with considerably lower fluorescence intensities. Furthermore, in the
presence of PS, the synchronous-scan fluorescence features were apparently devoid of any
fluorophores in accordance with UV-vis spectral features. On the other hand, fluorescence
excitation-emission matrix spectroscopy is mainly used in the analysis of complex organic
matrices. During the degradation process of dye molecules, the dye structure is gener-
ally easy to cleave, especially azo dyes, which could easily lead to substantial changes
in the spectral response. In this respect, EEM fluorescence spectral profiles could bring
further insight into structural diversities, demonstrating that LF/UV-A in the presence
of PS (LF/PS/UV-A) proceeded much faster, which was related to the absence of any
fluorophoric regions following 5-10 min, indicating that substrate removal is practically
complete within minutes. The LF/UV-A treatment process on the other hand progressed
slowly, and step-wise degradation could be followed by EEM fluorescence spectral features
(Figure 4).

EEM fluorescence profiles were basically located in the regions of Aexc = 200—400 nm
and Agpmis = 325-425 nm with three compartments, the major of which was centered at
Aexc/ Aemis = 225/350 nm. This region could be attributed to the presence of aromatic com-
pounds composed of differing fluorophores that were either present in simple compounds
or complex organic matrices [28,29]. Depending on the reaction mechanism, the removal of
the parent compound and consecutive formation of new fluorophores could be visualized
with diminished intensities in accordance with UV-vis and synchronous-scan fluorescence
spectral features, as well as mineralization extents (Figures S1 and S2, respectively).
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Figure 4. EEM fluorescence contour plots of RB5 at different irradiation times: (a) tj: 0 min; (b) tjy:
5 min; (c) tiyy: 15 min; (d) tiy: 30 min; (e) ti: 60 min; (f) tiyy: 120 min; (g) tir: 180 min; (h) tjy,: 210 min;
(i) tire: 240 min. Experimental conditions: RB5 =20 mg/L; pH=3; LF=0.5g/L; Iy = 0.5 W/L (UV-A).

3.4.2. SEM/EDAX Analyses

SEM analysis was performed at two different magnifications to examine the changes
in the surface morphology of LF and RB-5 before and after photocatalytic at varying pH
values (3.0-11.5). The effect of pH (3.0-11.5) on the LF/UV-A treatment performance of
hydrolyzed RB5 has been reported in our previous work [17]. Moreover, EDAX analysis
was evaluated for further confirmation of the product composition containing RB5 and
LF obtained during photocatalytic treatment. In the first part of the SEM study, the effect
of pH (3.0-11.5) on the photodegradation of RB5 was investigated. Figure S3a displays
the image of sole LF consisting of various polyhedral-shaped particles and sizes. The
particle sizes of LF varied from ~95 nm to ~170 nm. The EDAX spectrum indicated the
existence of La, Fe, and O elements in the synthesized LF. SEM images in Figure S3b,c
illustrate the morphology of LF particles during and after the photocatalytic degradation
of RB5 at pH 3 and pH 4, respectively. It was obvious that the surface was deformed after
photocatalytic treatment, but the polyhedral shape of LF particles was almost protected
at pH 3. However, the particle size decreased to less than ~70 nm compared with the sole
LF, and a slight agglomeration was evident due to RB5 degradation. As the pH value
increased to pH 4, the morphology was significantly modified, and larger agglomerates



Water 2023, 15, 906

90f17

were observed. The average particle size was ~50 nm at pH 4, with a rougher surface.
However, under the neutral experimental condition (pH 7.5), the particles of the sole LF
consisting of agglomerates were mostly similar in shape and size (Figure S3d). The SEM
image after 120 min irradiation under alkaline pH conditions (pH 10) is presented in Figure
S3e. The particle sizes were in the ~50-80 nm range and the surfaces were covered with
noticeable agglomeration, probably due to the RB5 molecules. Based on the EDAX results
(Figure S3b—e), the major elements in LF and RB5 were La, Fe, and O, and C, N, and S,
respectively. Their presence confirmed the interaction between LF and RB5 during the
photocatalytic treatment process, and possibly adsorbed and /or mineralized RB5 residues
on LE. The Fe content was ~21% for all different pH conditions. This value was slightly
lower than that in the sole LF, indicating rather insignificant Fe (ferrous iron) leaching
into the LF suspension. The second stage of SEM analysis features the effect of PS and
multiple use on LF morphology. For comparative purposes, Figure S3a,b, which were
already given in the previous experimental data set, are referred to here as Figure S4a,b,
respectively. Upon PS addition, a considerable surface morphology change was observed,
as is evident in Figure S4c. The texture is more wrinkled and composed of polyhedron-
and deformed-shaped aggregate particles, with particle sizes that varied from ~45 nm to
~80 nm. The SEM images presented in Figure 54d,e indicated the morphological differences
after four consecutive cycles. Changes were clearly noticed as undefined and irregular
particles on the LF surface. Furthermore, a longer irradiation time after reuse influenced
the common texture covered with undefined particles and aggregates on a large domain
of the LF surface (Figure S4e). The EDAX spectra confirmed the existence of La, Fe, O, C,
N, and S after four reuse cycles. Moreover, the Fe content retained practically stable. In
general, pH adjustment did not exert a significant impact on the particle shape, while slight
agglomerate formations were observed due to particle-particle interactions. However, the
use of PS and reuse in four consecutive cycles appreciably affected the LF morphology.
The morphologies of LF and RB5 obtained at t = 0 (initial adsorption) and after
photocatalytic treatment are presented in Figure S5. The difference between the polyhedral
LF particles as observed in Figure S5a was that they were extensively covered with the
adsorbed RB5 (Figure S5b). As the RB5 dye was an anionic dye, it expresses negative
charge due to sulphonate groups (pK; ~ 2), which would be present as negatively charged
ions. The isoelectric point of LF was reported as pH 8.9; therefore, the LF surface would
be predominantly positively charged at the working solution of pH 3 [14,15]. Therefore,
the electrostatic attractions between RB5 and LF could be maximized in a highly acidic
medium (pH 3), resulting in a coverage of the surface that changed the morphology of
LE. The presence of C, N, and S elements in the EDAX spectrum (Figure S3b) approved
the adsorption of RB5. Figure S5c,d show SEM images of RB5 on the LF surface, which
was irradiated for 120 min and 210 min. Figure S5c shows a smoother surface compared
with sole LF. Upon a long period of irradiation time, the morphology was almost similar
to the LF surface, with aggregated particles due to the photocatalytic degradation of RB5
(Figure S5d). The adsorption of RB5 on LF particles in the presence of PS resulted in a
nearly complete surface coverage compared with the extent of adsorption in the absence of
PS (Figure S5e). The smoothly covered surface consisted of aggregated particles. Following
photocatalytic degradation with PS for 120 min irradiation, the SEM image consisted of
slightly deformed and smaller polyhedral-shaped LF particles with agglomeration (Figure
S5f). The addition of PS in an acidic medium influenced the morphology and enhanced
the degradation of RB5 adsorbed on LF. Generally speaking, the pH adjustment during
photocatalysis did not exert a significant impact on particle shape, while slight agglomerate
formations were observed. However, the use of PS and reusing catalyst for four consecutive
cycles affected the morphology notably. The presence of La, O, and Fe amounts confirmed
the reusability of LF and thereby its stability under the specified photocatalytic conditions.
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3.4.3. FTIR Spectroscopy Analyses

Industrial dyes have a complicated chemical composition. Some dyes are very hy-
drophilic, whereas others easily adsorb/sorb onto surfaces and can co-exist with other chro-
mophores and contaminants; therefore, the identification of organic dyes on (photo)catalytic
materials can be a challenging task [30-36]. FTIR analysis was employed to examine the
changes in RB5 functional groups as well as LF throughout the duration of photocatal-
ysis [37-39]. FTIR bands associated with RB5 and LF were deduced from the literature
findings and are presented in Table S1 [30,34,37,40]. The FTIR spectrum of untreated RB5
is presented in Figure S6a. The -N=N- azo chromophores of RB were represented by the
band at 1487 cm ™!, and the S=O stretching vibration band located at 1049 cm ! belonged
to the sulfonated group of its auxochrome. The main characteristic bands of RB5 at ~3512
em~1, 1342 em ™1, and 1130 cm~! were attributed to N-H stretching in the amines, as well
as the -C-O-and —CN groups of aromatic amines, respectively [25,30]. The band related
to the -CHj3 asymmetric and symmetric vibrational stretching was located at 2989 cm 1,
while the -CH, asymmetric vibrational stretching band was detected at 2902 cm~ 1 [31,32].
The three bands observed at 1001 cm ™!, 889 cm 1, and 743 cm ! were all related to the
=C-H groupings of the aromatic rings [29]. The phenyl groups of RB5 were represented by
the bands in the range 740-690 cm ™! [27]. The band at 1591 cm ™! could be assigned to the
C—C vibration of benzene [31]. The bands at 1410 cm ™! and 1228 cm ! were ascribed to the
stretching of aromatic C=C and amino C-N bonds, respectively [33]. The FTIR spectrum
of LF is presented in Figure S6b. The broad band observed at 3189 cm~! was attributed
to the characteristics of the H-O bending mode of absorbed water or the hydroxyl func-
tional group. The bands at 2972 cm ™! were assigned to the physically absorbed CO,. The
vibrations of the CO3%~ group were located at 1485 cm~!, 1387 cm !, and 1068 cm ™. The
intense band at 534 cm~! was the main characteristic band of LF, corresponding to the
stretching vibration of the Fe—O bond formed by the octahedral FeOg group in LaFeOs. The
weak band at 849 cm ™! could also indicate Fe-O and O-Fe-O stretching bonds.

The effect of the initial (preliminary dark) adsorption of RB5 onto LF was also assessed
by FTIR analysis. Figure S7 presents the spectrum of RB5 (20 mg/L), which was adsorbed
on the LF (0.5 g/L) surface at pH 3 with/without the addition of 0.6 mM PS, and was
recorded to vary between 15 and 20%. A slight shift in the bands was observed when PS (0.6
mM) was added at the t = 0 min condition. The bands at 3146 cm~! (O-H bending), 2978
cm ™! (COy,), 1483 cm ™! (CO32~ group), 812 cm ™! (Fe-O and O-Fe-O stretching bonds),
and 537 cm~! (Fe-O stretching) were related to LF, while the bands at 3446 em 1 (N-H
stretching), 2978 cm~! (-CHj; asymmetric and symmetric stretching), 2903 cm~! (-CH,
asymmetric stretching), 1583 cm ! (C-C stretching in benzene), 1446 cm ! (aromatic C=C
stretching), 1286 cm ! (-C-O- stretching), 1231 cm~! (C-N stretching), 1111 cm ™! (the
~C-N group of aromatic amines), 985 cm~!, and 936 cm ! (=C-H group of aromatic rings)
were associated with RB5 [26,30,34—40]. The band at 1045 cm ™! could either correspond
to the CO32~ group of LF or the S=O stretching band of RB5. Compared with the RB5
spectrum, a new band appeared at 1629 cm~! [41]. This band could be related to the
molecular water bending mode after the adsorption of RB5 on the LF surface.

The effect of pH on RB5 removal using LF was investigated in the pH range of 3-10
(LF =0.5 g/L; RB5 = 20 mg/L), which was followed by FTIR analyses (Figure Séc). In all
recorded spectra, the characteristic bands of both RB5 and LF were observed, as well as
other vanishing and appearing bands. The band at 1487 cm ! representing the azo bond
(-N=N-) of RB5 was cleaved and completely disappeared in the FTIR spectra obtained
after 240 min photocatalytic treatment at pH 3. New bands were formed at 2858 cm ™!
and 1587 cm !, which correspond to -CH, bending and N-H bending, respectively. This
observation could also indicate the generation of photocatalytic degradation products via
the decolorization/cleavage of the azo bond followed by the disintegration of aromatic
amines, even to dearomatization [31,42,43].

Moreover, the appearance of the band at 1386 cm ™! indicated the presence of surface
species with sulfone and/or sulfonate groups significant to RB5 degradation [26,30,40]. As
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the pH increased to pH 4, the bands related to O-H bending and -CH; bending were still
present. Complete decolorization of RB5 was not achieved since the band that belonged
to the azo bond at 1500 cm~! was diminished; however, it still existed after 120 min
photocatalytic treatment. There was no significant change in the spectra representing the
photocatalytic degradation of neutral (pH 7.5) and alkaline (pH 10) media after 120 min.
The broad band linked to the O-H bending appeared, and minor changes observed in other
frequencies were not considerable. These observations were in accord with the results
obtained for RB5 at pH > 4, namely that no photodegradation occurred for pH > 4.

The effect of PS addition to the photocatalytic treatment process on the functional
groups was tested. Furthermore, the differences in the surface properties before and after
four photocatalytic treatment cycles were assessed to explore the reuse potential of LF on
decolorization efficiency, and respective results are presented in Figure S6d. Particularly
for comparative purposes with the PS-added LF/UV-A treatment of RB5, the spectrum
obtained at pH 3 displayed in Figure S6c was denoted as “without PS” in Figure S6d. The
FTIR spectrum of the PS-added photocatalytic treatment system obtained after 120 min
revealed the existence of a new and small band at 1480 cm ™!, which was related to the for-
mation of CO32~, while the band at 1221 cm ™! corresponding to the amino C-N stretching
vanished. The spectrum of the fourth reuse experiment obtained after 120 min treatment
was almost similar to that of the original (first) LF/PS/UV-A experiment. However, the in-
tensities of two bands related to the -CHj3 asymmetric and symmetric vibrational stretching
(2989 cm~!) and the -CH, asymmetric vibrational stretching (2912 cm 1) were increased.
In the spectrum obtained after 210 min photocatalytic treatment, the band at 1482 cm™!
assigned to the CO3%~ group disappeared. Moreover, the intensities of the bands associated
with the N-H stretching in amines (~3485 cm '), C-C stretching of benzene/N-H bending
(~1585 cm~1), and sulfone/sulfonate groups (~1392 cm ') significantly increased relative
to those found after 210 min treatment, designating RB5 degradation [26]. In summary,
the main differences were observed for the spectra obtained after photocatalytic treatment
at pH 3 for the surface functional groups of RB5 and LF. The cleavage of the azo bond re-
sulted from the decolorization of RB5 and the generation of possible degradation products.
Especially CO32~ formation was apparent for the conditions involving PS addition and the
fourth cycle of the photocatalytic treatment system.

The progress of the photocatalytic reaction on the surface of LF coated with RB5 was
also determined using FTIR spectroscopy for samples at different photocatalytic treatment
times (120 min, 180 min, and 240 min) under an acidic medium at pH 3. The changes
observed in FTIR spectra are shown in Figure S8. The band at 1487 cm ™! representing
the azo bond (-N=N-) of RB5 between benzene and naphthalene rings was shifted to a
higher wavenumber (~1495 cm 1) after 120 min and 180 min irradiation, while this band
disappeared in the FTIR spectrum obtained after 240 min photocatalytic degradation. This
result was consistent with the UV-vis absorbance decolorization spectra of RB5 represented
in Figure S1. The new bands appeared at ~2860 cm ™!, ~1585 cm~!, and ~1390 cm~!, and
they were related to the-CH, bending, N-H bending, and surface species, respectively,
after 180 min and 240 min irradiation. However, the band at ~2860 cm~! was not observed
in the spectrum of 120 min. In general, the bands at ~3500 cm~ 1, ~1225 cm~1, ~1140 em ™1,
and ~1045 cm~! corresponded to the N-H stretching in amines, amino C-N stretching,
the C-N group of aromatic amines, and S=O stretching vibrations of RB5, respectively [26,
35,38,39]. The characteristic bands of LF were also observed at ~840 cm~! (Fe-O and
O-Fe-O stretching bonds) and ~530 cm ™! (Fe-O stretching) [30,36,37,40,43]. It should also
be indicated that the presence of a band at ~1487 cm ™! signifying the main ~-N=N- group
of azo chromophores present in the RB5 structure could also specify the presence of CO3%~
groups. Both assignments could reveal a system-specific dual indication of decolorization
and mineralization efficiencies.

Under all reaction conditions, the observed FTIR bands were found to be in accor-
dance with the expected degradation products of RB5 [31]. Moreover, FTIR results were
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compatible with UV-vis spectroscopic data, proving the cleavage of RB5 chromophoric azo
double bonds and degradation of aromatic parts during photocatalysis.

3.4.4. Raman Spectroscopy Analyses

The Raman spectra of RB5, LE, and the spectral profiles obtained during LF-mediated
photocatalysis are given for the range of 1800-400 cm~!. The Raman spectrum of RB5
is displayed in Figure S9a. Raman band assignments are presented in Table S2. The
vibrational assignment was reported on the basis of previous related work [44—46]. The
most characteristic/prominent bands of RB5 at 511 cm_ll 951 cm~?, and 962 cm~1; and
1157 ecm™1, 1300 cm 1, and 1412 cm !, were attributed to the vibrations of naphthyl 6CCC,
naphthyl pCH, aromatic 3CH, aliphatic 3CH, and vN = N groups, respectively. The strong
band at 1547 cm~! and the shoulder at 1529 cm~! were assigned to the aromatic ring
stretching vibrations of the phenyl (phenyl vCC) and naphtyl moieties (naphthyl vCC),
respectively. The weak band at 1503 cm ™! corresponded to the aromatic vCC and CN
vibrations. The band at 1007 cm~! could be attributed to the ring breathing mode of the
benzene rings. The observed band at 658 cm ! was associated with the NH, wagging mode,
and the deformation modes of the same group were positioned in the 400-300 cm ™! spectral
range. The characteristic bands of the sulfonate group were located at 1223 cm ™!, 1190 cm ™!,
and 1082 cm ™!, and corresponded to the stretching vibrations of the sulphate -0SO,0-
group, while a weak band at 731 cm~! was assigned to the deformation of this group. The
bands at 1366 cm™1, 1040 cm ™1, and 555 cm~1 were related to the sulphone -S5O, fragment
of RB5. The bands at 1131 cm~! and 835 cm ™! were attributed to the vCC alkane vibration
and aliphatic vCC bond, respectively. The observed band at 449 cm~! could be assigned
to the -SO,— moiety. Raman spectroscopy was also employed to determine the structure
distortion and oxygen motion of LF, and the spectrum is displayed in Figure S9b. The bands
at 442 em~1, 480 cm~!, and 1163 cm~! were related to the one-phonon scattering, while
those at 1296 cm ! were assigned to the two-phonon scattering of O?~. The observed band
at 609 cm~! corresponded to the two-phonon scattering or impurity scattering [47-49]. The
bands observed at 1470 cm ™! and 1390 cm~! could be due to some impurity scattering
formed during treatment [48,50]. The spectral profile changes in LF and RB5 at different
pH conditions (pH 3, 4, 7.5, and 10) and after photocatalytic treatment are presented in
Figure S9c. In the spectrum recorded at pH 3, the bands at 1552 cm ™! (phenyl vCC), 1531
cm ™! (naphthyl vCC), 1501 cm ! (vCC and vCN), 1227 cm~! and 1097 cm ™! (v—0SO,0-
group), 1146 cm~! (aromatic BCH), 976 cm~! and 959 cm ™! (naphthyl pCH), 845 cm ™!
(aliphatic vCC bond), 768 cm ™! (deformation of -OSO,0- group), 671 cm ™! (NH, wagging
mode), 555 cm ™! (v-SO,-), and 510 cm ! (naphthyl 6CCC) were all related to RB5. The
overall LF bands were observed at 1473 cm~! and 1389 cm ™! (impurity scattering); 1290
cm~! (two-phonon scattering of O>7); 1167 cm ™!, 486 cm™!, and 443 cm~! (one phonon
scattering); and 620 cm ! (two-phonon scattering or impurity scattering). The presence
of naphthyl and aromatic groups could indicate the formation of aromatic degradation
products of RB5. Moreover, the existence of a sulphate group could signify the degradation
of the sulfonate grouping of RB5. Obviously, these peaks were drastically decreased under
pH 4 and pH 7 conditions, and they also entirely disappeared at pH 10. Hence, this finding
was compatible with the pH-dependent variations of RB5-removal efficiencies. In fact,
under alkaline pH conditions (at pH 10), only the vibrations of LF at 1466 cm ™!, 1396 cm ™!,
1298 cm !, and 1161 cm ™! were observed, while the other bands associated with RB5 and
LF were present at a very low intensity or completely absent. It could be concluded that
no detectable degradation products were formed after photocatalysis under the specified
experimental conditions at pH 10. The effect of PS addition and multiple-reuse applications
on the spectral profiles of RB5 and LF was investigated and is displayed in Figure S9d. After
PS addition, the bands belonging to phenyl vCC, naphthyl vCC, vCC, CN, vN=N, aromatic
BCH, naphthyl 6CCC, and the deformation of the -OSO,O- groups vanished. These
findings suggested the aromatic bond cleavage of RB5 into oxidation intermediates. Upon
PS addition, all LF bands were present with slight shifts. After 120 min of photocatalytic
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treatment during the multiple-reuse experiments, the sharpness and intensity of the bands
decreased. The bands related to naphthyl vCC, vCC, vCN, naphthyl pCH, aliphatic vCC
bond, naphthyl §CCC moieties of RB were missing. Moreover, the band at 620 cm ™!
corresponding to the two-phonon scattering or impurity scattering of LF disappeared. In
the spectrum belonging to the multiple-reuse application after 210 min of photocatalytic
treatment, the absence of several bands related to the aromatic moieties of RB5 could
indicate the presence of some aromatic degradation products in the reaction medium. The
Raman profile changes in LF and RB5 after 120 min, 180 min, and 240 min of photocatalytic
treatment at pH 3 are depicted in Figure S10. Upon 120 min irradiation, the bands at
1541 cm~! (phenyl vCC), 1522 cm ™! (naphthyl vCC), 1514 cm~! (vCC, vCN), 1155 cm !
(aromatic BCH), 1238 cm~! and 1099 cm~! (v—OSO,0- group), 999 cm ! and 956 cm ™!
(naphthyl pCH), 847 cem™! (aliphatic vCC bond), 775 cm~! (deformation of -OSO,0 group),
681 cm~! (NH; wagging mode), 554 cm ! (v-=50,-), and 521 cm ! (naphthyl §CCC) were
all related to RB5. The bands associated with LF were observed at 1472 cm ! and 1398 cm ™!
(impurity scattering); 1300 cm ™! (two-phonon scattering of O?~); 1155 cm !, 497 cm !,
and 442 cm~! (one phonon scattering); and 646 cm ! (two-phonon scattering or impurity
scattering) in accordance with previous findings [44-51]. These bands were observed
with minor shifts in the Raman spectra obtained upon irradiation periods of 180 min and
240 min. The existence of naphthyl and aromatic groups could signify the generation
of aromatic degradation products of RB5. The Raman spectra of RB5 adsorbed on LF at
acidic medium (pH 3) exhibited the characteristic bands of both RB5 and LF (Figure S11).
Comparing the spectra of RB5 and LF, a few spectral changes involving the band intensity
variations and wavenumber shifts were apparent due to the surface interactions prevailing
between LF and RB5. The bands at 1589 cm ™! (phenyl vCC); 1540 cm ™! (naphthyl vCC);
1528 cm ™! (aromatic vCC, vCN); 1414 cm~! (vN=N); 1392 cm~?!, 1030 cm~!, and 539
cm~! (vSO,); 1349 cm ™! (aliphatic BCH); 1224 em™1, 1180 em ™!, and 1087 em™! (v(-
0S0,0-)); 1129 cm~! (vCC alkane); 977 cm ™! and 960 cm ™! (naphthyl pCH); 830 cm ™!
(aliphatic vCC); 717 cm ™! (80S0,0); 653 cm ™! (WNH,); and 539 cm ™! (naphthyl 6CCC)
were related to RB5 [39—41]. The bands at 1492 cm ! and 1392 cm ! were assigned to the
impurity scattering of LF. The characteristic bands of LF shifted to lower wavenumbers
and were located at 1281 cm ™! (two-phonon scattering of O>~) and 595 cm ™! (two-phonon
scattering or impurity scattering). The other bands at 1154 cm~?, 488 cm ™!, and 432 cm™!
could be attributed to the one-phonon scattering of LF [44-51]. In the same manner, the
bands appearing at 1154 cm~! and 432 cm~! might belong to the aromatic BCH and -
50,—- moieties of RB5, respectively. The wavenumbers of the bands related to both RB5
and LF shifted slightly in the presence of PS compared with sole LE/UV-A treatment.
No remarkable change in RB5 due to adsorption on the LF surface was observed upon
PS addition.

4. Conclusions and Recommendations

Lately, perovskite-type oxides with general-formula ABO3 have received great atten-
tion because of their unique physicochemical properties, including photocatalytic activity
under near-UV /visible light radiation. Previous work demonstrated that the semiconductor
LaFeOj3 (lanthanum-—iron oxide; abbreviated as LF herein) is capable of degrading refractory
and/or toxic organic pollutants found in water and wastewater as a potential alternative to
the more traditional heterogeneous semiconductor-type photocatalysts, such as titania. In
this study, a home-made lanthanum-iron oxide (LF) was used for the photocatalytic and
peroxydisulfate (PS)-enhanced photocatalytic treatment of the model industrial pollutant
and commercially important model textile dye Reactive Black 5 (RB5). In this work, special
emphasis was placed on the instrumental analyses of LF composition and surface morphol-
ogy during and after LF/UV-A and LF/PS/UV-A treatments of hydrolyzed aqueous RB5.
The experimental study revealed that an acidic pH (<4) and PS addition (0.6-1.2 mM) were
critical in terms of efficient color and DOC removals. The addition of PS also improved the
reuse performance of LF; hence, the multiple use of LF was possible with the LF/PS/UV-A
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treatment process, with complete color and highly efficient DOC removals. A detailed as-
sessment of changes in structural features, surface morphology, and chemical composition
indicated that the photocatalyst surface was covered by noticeable agglomerates after the
photocatalytic treatment of RB5. Based on the SEM/EDAX findings, the major elements
after LF/UV-A treatment were identified as La, Fe, O, C, N, and S. The presence of these
elements confirmed RB5 and its degradation/mineralization end-products being adsorbed
on the LF surface. The Fe content of LF only slightly decreased after treatment, indicating
that only some minor Fe ion leaching occurred into the reaction bulk. PS addition to the
LE/UV-A treatment process on the other hand resulted in a considerable change in surface
morphology (namely, a decrease in particle size, particle agglomeration, surface coverage,
etc.). After multiple reuse cycles, undefined and irregular particles were principally no-
ticed on the LF surface, indicating some modifications in the surface morphology. FTIR
and Raman results were, generally speaking, comparable with the UV-vis spectroscopic
data, confirming the effective cleavage of RB5 azo dye chromophores and the subsequent
photocatalytic degradation of the aromatic moieties during LF-mediated, PS-enhanced
heterogeneous photocatalysis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15050906/s1, Figure S1. UV-vis absorbance spectra of RB5 before
and during LF/UV-A treatment. Conditions: 20 mg/L RB5, pH3, 0.5 g/L LF, UV-A. Samples 1-9
indicate initial (t = 0 min), t = 5 min, 15 min, 30 min, 60 min, 120 min, 180 min, 210 min and 240 min
conditions. Figure 52: Synchronous-scan fluorescence spectra of RB5. Conditions: 20 mg/L RB5, pH
3,0.5g/LLF, UV-A. Samples 1-9 indicate initial (t = 0 min), t =5 min, 15 min, 30 min, 60 min, 120 min,
180 min, 210 min, 240 min conditions. Figure S3: SEM images (left) x200,000, (right) x 100,000 and
EDAX elemental analysis of (a) LF; (b) 0.5 g/L LE, pH 3, UV-A, 240 min; (c) 0.5 g/L LF, pH 4, UV-A,
120 min; (d) 0.5 g/L LF, pH 7.5, UV-A, 120 min; (e) 0.5 g/L LF, pH 10, UV-A, 120 min. Figure S4: SEM
images (left) x200,000, (right) x100,000 and EDAX elemental analysis of (a) LF; (b) 0.5 g/L LF, pH 3,
UV-A, 240 min; (c) 0.5 g/L LE, 0.6 mM PS, pH 3, UV-A, t = 120 min; (d) 0.5 g/L LE, 0.6 mM PS, pH 3,
UV-A, t = 120 min, final/4th cycle; (e) 0.5 g/L LE, 0.6 mM PS, pH 3, UV-A, t = 210 min, final/4th cycle.
Figure S5: SEM images (left) 200,000, (right) 100,000 and EDAX elemental analysis of (a) LF; (b)
0.5g/LLE pH3,UV-A, t =0min; (c) 0.5 g/L LE, pH 3, UV-A, t = 120 min; (d) 0.5 g/L LF, pH 3, UV-A,
t =240 min; (e) 0.5 g/L LE, 0.6 mM PS, pH 3, UV-A, t = 0 min; (f) 0.5 g/L LE, 0.6 mM PS, pH 3, UV-A,
t = 120 min. Figure S6: FTIR spectra of (a) RB5, (b) LF, (c) pH effect, (d) PS addition and reuse effect.
Figure S7: FTIR spectra of RB5 adsorbed on LF (t = 0). Figure S8: FTIR spectra of LF coated with RB5
after 120 min, 180 min, and 240 min UV-A irradiation. Figure S9: Raman spectra of (a) RB5, (b) LF, (c)
pH effect: (black) pH 3: 0.5 g/L LE, UV-A, 240 min; (red) pH 4, 0.5 g/L LE, UV-A, 120 min; (blue) pH
7.5,0.5 g/L LF, UV-A, 120 min; 0.5 g/L LF; (green) pH 10, UV-A, 120 min; (d) PS addition and reuse
effect: (black) without PS: 0.5 g/L LF, pH 3, UV-A, 240 min; (red) with PS: 0.5 g/L LF, 0.6 mM PS,
pH 3, UV-A, t = 120 min; (blue) 120 min: 0.5 g/L LF, 0.6 mM PS, pH 3, UV-A, t = 120 min, final/4th
cycle; (green) 210 min 0.5 g/L LE, 0.6 mM PS, pH 3, UV-A, t = 210 min, final/4th cycle. Figure S10:
Raman spectra of LF coated with RB5 after 120 min, 180 min, and 240 min UV-A irradiation. Figure
S11: Raman spectra of RB5 adsorbed on LF (t = 0). Table S1: FTIR spectral bands of RB5 and LF. Table
52: Raman spectral bands of RB5 and LE.
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