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Abstract: The organic water contaminant, methyl orange contaminant (M.O), has shown a
hazardous increase in our water systems over the past few years due to its increasing demand in
industrial processes. The photocatalytic degradation of the commercial dye was studied through
the application of modified TiO: composite catalysts in aqueous solution under artificial irradiation.
The improvement of photocatalytic activity is strongly affected by the various functional groups
emerging in the organic substances. In this work, the effect of both silver-iron and silver-iron-
reduced graphene oxide-modified titanium dioxide towards M.O remediation as a cost-effective
photocatalyst was investigated. We confirmed that the novel AgFe functionalized TiO: catalyst
(AgFe-TiOz2) showed more superior remediation activity than the reduced graphene oxide (rGO)-
modified TiO: due to the decreased band gap from 3.02 eV-2.5 eV with increased photocatalysis.
Based on the spectroscopic and microscopic results, the enhanced photocatalytic degradation of
M.O dye was induced by its enhanced surface area, electron diffusion, and the reduction of photo-
generated electron-hole pairs’ recombination.

Keywords: photocatalysis; titanium dioxide; nanocomposite; silver-iron; methyl orange
contaminant; band gap

1. Introduction

The growth in agricultural and industrial activities has brought about the devastating
deterioration of our rivers and groundwater quality due to pollution by hazardous textile contaminant
effluents [1]. These pollutants include organic industrial dyes, phenol derivatives, and halocarbons [2].
One of the most harmful dyes, in particular, is methyl orange (M.O) azo dye/orange II (C14H14NsNaO:sS)
[3]; even the slightest quantity (1 ppm) can be detrimental to human health [4]. The reductive cleavage
of azo linkages is responsible for the formation of amines, which are classified as toxic and
carcinogenic [5]. Hence, methyl orange is regarded as a model pollutant, which is the object of strict
environmental regulations on discharging industrial effluents [6,7]. According to environmental
standards, the direct discharge of M.O in concentrations higher than 5 mg/L, treated or not, could be
detrimental to human health and the aquatic environment [8,9]. A significant amount of the total
world production of these dyes is estimated to be released into waterways without complete
decontamination.

Various technologies have been developed for the removal of azo dyes from water and
wastewater to reduce their environmental impact [10]. The common technologies include physical
methods (membrane filtration processes and sorption techniques), chemical methods (coagulation or
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flocculation and advanced oxidation processes (AOPs)), and biological methods (microbial and
enzymatic degradation); each technology having its own merits and demerits [11-13].
Amongst these, AOPs are considered economical and simpler alternatives. These processes are

based on the generation of highly-reactive and oxidizing hydroxyl radicals (OH') in the presence of
an irradiated semiconductor metal oxide photocatalyst for the degradation of toxic pollutants or used
as pretreatment to produce biodegradable pollutants [14]. To date, the most used photocatalyst is
TiO:z due to its photo-stability, low cost, and biological and chemical inertness [15]. Unfortunately,
the wide band gap of TiO: (Eg = 3.2 eV) [16] results in poor absorption of visible light and rapid
recombination of the photo-generated electron-hole pairs. However, by increasing the surface area,
i.e., the population of active sites for catalytic reaction, and by reducing the band gap energy [17],
visible or UV light photocatalysis becomes possible [18-20]. Concomitantly, TiO: can be
functionalized by incorporation of metal ions [21-25]. It is reported that silver, in particular, can
facilitate interfacial electron transfer in the composite by acting as an electron-conduction bridge and
is conducive to retarding electron-hole recombination [26,27]. In this regard, modified-TiO: catalysts
have proven favorable for photocatalytic degrading of methyl orange and phenol as compared to
bare TiO2 [28]. In this study, we investigated and compared the photocatalytic degradation ability of
both reduced graphene oxide and Ag-Fe bimetal nanoparticles with TiOz, respectively. Photocatalytic
enhancement imparted by the presence of graphene on a photocatalyst has been shown to fluctuate
as a result of the model contaminant studied [29]. Both Ag and Fe are considered as suitable
substances for photocatalysis due to their low cost and electro catalytic activity [30-33]. A low band
gap, visible/UV light absorption, fast electron diffusion, and fast rate for methyl orange degradation
are considered the gold standard to evaluate most accurately the photocatalyst quality [34—41].
Available records revealed that no work has been reported on the influence of AgFe-modified TiO:2
functional groups on the photocatalytic degradation of methyl orange, which is the main purpose of
this research work.

2. Materials and Methods

2.1. Chemicals

Methyl orange dye (4-dimethylaminoazobenzene-4’-sulfonic acid sodium salt), conforming to
specifications defined by the American Chemical Society (ACS) reagent (85 %), isopropanol (98%),
tetraisopropyl-orthotitanate (97%), ferrous sulfate heptahydrate (99%), nitric acid silver (I) salt
(>99%), graphene oxide, and polyethylene glycol were obtained from Sigma Aldrich Co. A 1000-ppm
stock solution was prepared by dissolving 1000 mg of it in 1000 mL of distilled water, and the
required solutions were prepared by suitable dilution. All other chemicals were of analytical reagent
grade. Deionized water was used for the preparation and dilution
of solutions.

2.2. Synthesis of Single- and Mixed-Phase TiO: Powders

TiO2 powders were fabricated by using a 1:3 ratio of titanium isopropoxide and isopropanol
with a total volume of 6 mL. The mixture was stirred in a closed glass container for 10 min at 60 °C.
To the stirring mixture, 5 mL of acetic acid were added and reserved for 15 min, followed by the
addition of 12 mL of isopropanol. The blend was left to mix for 2 h, followed by heating at 100 °C in
air to allow all the solvent to vaporize. The final gel product, i-TiO2, was obtained after additional
annealing in a muffle furnace at 400 °C for 2 h. The method was repeated using n-propanol as a
solvent to procure n-TiO: as the resultant product.

2.3. Synthesis of AgFe and TiO2-AgFe-rGO Nanocomposite

The sol-gel procedure was used due to the advantage of low temperature synthesis, the
formation of pure and uniform products, and producing functionalized products [42]. For the
synthesis of Ag-Fe, 200 mL of NaOH were mixed with 100 mL of methanol solution containing
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0.010 M of FeSO4+.nH20 and 0.001 mol AgNOs at room temperature under a nitrogen atmosphere and
stirring for 30 min. The produced nanoparticles (Ag-Fe) were collected through vacuum filtration,
rinsed, and dried under a vacuum at 50 °C for 10 h. To prepare the Ag-Fe/rGO nano composite, 1 g
of graphene oxide was dipped into a 25-mL coating solution (10 mL of absolute ethanol and 15 mL
of distilled water) containing 0.01 g polyethylene glycol (PEG) (20,000) and 1.05 g of Fe5O4.7H:0. The
mixture was mixed (stirring at 1000 r/min) for 30 min and then sonicated for 1.5 h. Then, 25 mL of 0.6
mol/L of NaBHa solution were added dropwise at 0 °C for 2 h under vigorous stirring. Thereafter, 15
mL of 2.6 mmol/L of AgNOs were added dropwise under stirring. The product was filtrated and
dried in an oven at 60 °C overnight. Finally, the AgFe-rGO product (0.2 g) was mixed with 1 g of TiO:
(Degussa) nanopowder and 3 mL of NaOH (5 M). This was further sonicated for 2 h. The TiO2-AgFe-
rGO was centrifuged, washed, and dried at 50 °C under a vacuum.

2.4. Characterization

The morphologies of the catalysts were probed by a ZEISS ULTRA high-resolution scanning
electron microscope (HRSEM). Scanning electron X-rays were also reflected off the sample's surface,
which were collected and interpreted through EDAX. All analysis was performed with high-
resolution HRSEM for improved atomic-scale material imagery. A Fourier transform infrared
spectrometer (FT-IR, JASCO FT/IR-410) was used to probe the structural coordination of the samples
in the wavenumber range from 500-3000 cm™. The electrochemistry was done by using the
conventional three-electrode cell, namely the working electrode (glassy carbon electrode), the
reference electrode (Ag/AgCl), and the counter electrode (platinum wire). The setup was a CH
Instrument electrochemical workstation, as well as a 600 E potentiostat (USA). The electrolyte
solution was made up of LiOH and the sample. The experiment was carried out in an argon
atmosphere at room temperature. The CV was used to determine the anodic and cathodic peaks and
charge transfer diffusion of the synthesized nanomaterials.

2.5. Photocatalytic Experimental Setup

The experimental setup used for the photocatalytic removal of M.O at the applied conditions is
presented in Figure 1. The system consisted of a Mega-Ray 160-W/240-V MR160 SPL11/14, UV lamp
(with a wavelength of 465 nm) from Kimix, a thick 5-mm glass tank, which was lined on the inside
with aluminum foil, a glass bowl containing M.O solution, which rested on ice blocks for system
cooling, and a magnetic stirrer placed in the vessel to ensure the homogeneity of the solution during
the photocatalytic treatment process. Beforehand, the absorbance of standard concentrations of (M.O)
dye was measured, and the plot of absorbance vs. standard concentrations resulted in a linear trend
according to Beer’s law: A = & C [, where A = absorbance (no units), € = molar absorptivity coefficient
(units = L/mol cm), C = concentration of absorbing species (units = mol/L). and I = path length (units
= cm). At the end of each timed photocatalytic experiment, UV-Vis spectroscopy was utilized as an
immediate measure of absorbance. The linear calibration was then used to approximate the unknown
concentration of (M.O) dye at each sampling time.

UV Lamp ~——

Glass Tank._
~ Aluminium Foil Lining

Glass Bowl,_
* Ice Blocks

Dye Solution, L

— Magnetic Stirrer

Figure 1. Photocatalytic experimental setup. Solution volume =500 mL, and irradiation time = 120 min.
Mega-Ray 160-W/240-V MR160 SPL11/14, UV lamp.
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Even though various factors may affect the removal of pollutants in water, in the current
photocatalytic system, the initial dye concentration and solution pH were considered, and their
impact on M.O degradation percentage was investigated by varying each parameter while other
factors were kept constant. Each experiment was performed for 2 hours by sampling every 30 min.
The degradation percentages of M.O at the corresponding concentration were calculated using the
formula presented in Equation (1).

Co_C,
Co

Degradation % = [ ]x 100 (€))

3. Results
3.1. Characterization of the Catalyst

3.1.1. Scanning Electron Microscopy

From the materials science perspective of TiOy, it is important to consider both the presence of
metallic and/or non-metallic dopants and the size and architecture of the catalyst, as these affect its
photocatalytic activity [43]. Hence, the initial objective was to find the most suitable and highly
reproducible known titanium dioxide nanostructures. Figure 2 illustrates three different forms of
TiOz. Image (a) is the TiO2 Degussa nanopowder, which appears as agglomerated particles; roughly
spherical in shape and approximately 15-25 nm in diameter. This was an indication of good
dispersion, as it had a large surface area. Image (b) shows the TiO2 nanotubes, having long, tube-like,
cross-stacked features with improved mechanical adhesion and size being roughly 1 pum in length
and 60 nm in width. This indicates that TiO: Degussa had a greater surface area and corresponding
photoactivity according to the nanoscience research carried out by Schwarz et al. [44]. Image (c) is the
synthesized TiO2 nanospheres. The TiO: nanospheres were agglomerated, which in turn created
much larger particles than if there were great separation between each particle. This could be due to
the low temperature/pressure synthesis procedure, which produced particles with an average size of
70-90 nm in diameter. Photocatalysis testing was carried to establish the best photocatalyst before
further testing was carried out, the result of which concluded that TiO2 (Degussa) was the best for the
remediation of methyl orange from the water. Hence, TiO2 (Degussa) was further used to form the
AgFe-TiO and AgFe-TiO>-rGO composite catalysts.

100nm  ppr_s500 kv Mag=350.00KX [
e e et et

Figure 2. SEM Image of (a) TiO: Degussa, (b) TiO: nanotubes, and (c) TiO:2 nanospheres at
Magnification of 50.00 kX. and electron high tension (EHT) of 5.00 kV.
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SEM analysis revealed the solid-state nature, as well as the intimate interaction between TiO2
and composite components. These are essential towards promoting photo charge transportation, as
well as concentrating the organic substrate around TiOz. Figure 3a shows the morphological structure
of the unmodified TiO: Degussa catalyst at 20.00 kX. From the image, it is clear that the particles were
agglomerated and roughly spherical in shape. Figure 3b shows spherically-shaped AgFe-TiO: with
good dispersion and approximately 15-25 nm in diameter. Research by Ranjit and Viswanathan [45]
confirmed that the synergy of TiOz with Fe (IIl) enhanced its photocatalytic activity. Figure 3c shows
the rGO-AgFe-TiOz, where AgFe and TiO: were completely infused with the rGO. Although the
thicker catalyst may enhance light absorption, it also created a longer electron diffusion distance,
which increased transport resistance and decreased photocatalytic activity. It is, therefore, speculated
that photocatalysis would be carried out more efficiently with the
AgFe-TiO: (b) [46].

000m FyT=3500 kY Mag=20.0kX [

Mag=20.00kX [og [ EHT =5 00 kV Mag=20.00KX [o |208m EET-s00KV

— — e ¥ ol

Figure 3. SEM images of unmodified TiO: Degussa (a), AgFe-TiO2 (b), and rGO-AgFe-TiO:z (c)
nanocomposites at a magnification of 20.00 K X.

3.1.2. Cyclic Voltammetry

The fundamental phenomenon observed in semiconductor photocatalyst oxidizing (degrade)
organic compounds and reducing metal ions is a promising technique in the treatment of refractory
organic pollutants and heavy metals present in wastewater. Electrochemistry was used as a
fundamental technique to probe the conduction efficiency and charge transfer resistance of AgFe-
TiO. Cyclic voltammetry (CV) studies were carried out to investigate the reversibility of the electrode
reaction and charge efficiency at room temperature by using the Ag/AgCl electrode as a reference
and the platinum electrode as a counter. The electronic interactions between the nanocomposites and
the catalyst brought about slightly acidic conditions, which increased the rate of electron transfer,
thus reducing the rate of electron-hole combination [47]. The separation efficiency between the
generated electrons and holes could be explained based on the charge
transfer resistance.

CV was used to probe the reaction mechanism of the system. Figure 4 shows the cyclic
voltammograms of (a) TiOz2 Degussa/GCE, (b) AgFe-rGO/GCE, (c) AgFe-TiO2/GCE, and
(d) AgFe-TiO2-rGO/GCE. For the TiO: sample (a), the expected anodic and cathodic redox peaks
attributed to the pseudocapacitive nature of the sample were observed. Moreover, the peak current
was found to be increased with successive scans. The observed discrepancy can be attributed to the
reduction of Ti* to Ti?* as per the reaction described in Equation (2):

TiO2 + e~ + 4H* — Ti% + 2H20 2)

In the case of AgFe-rGO (b), the specific capacitance of the system was found to decline with
increased scan rate with no distinctive redox peaks. Similar deficiency of electrochemistry is observed
in Figure 4d, and this may be due to the fact that higher scan rates may not afford sufficient time for
diffusion at the electrode interface. However, at the AgFe-TiO: electrode (c), clear reduction and
oxidation peaks resulting from the Faradaic reactions were discernible even at low scan rates, thereby
confirming the co-presence of TiO2. The peak currents of both the oxidation and reduction peaks were
found to increase with a consequent reduction in potential between the peaks. Some reversibility in
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the redox process was also observed for the AgFe-TiO:2 electrode with the third reduction peak being
indicative of the reduction of Ag2O to Ag [48]. It is noteworthy that the pristine TiO2 was composed
of both rutile and anatase phases, whereas the modified TiO2 was composed mainly of the rutile
phase. In addition, the AgFe-rGO, AgFe- TiO2, and AgFe-TiO>-rGO samples could have the combined
effect of the faradaic capacitance of the TiO2 and the double-layer capacitance of the carbon and AgFe.
This facilitated the enhanced conduction pathways with the modified catalysts [49].
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Figure 4. CV graph of TiO2 Degussa (a), 100 mg of AgFe-rGO (b), 100 mg of AgFe- TiOz (c), and 100 mg
of AgFe-TiO2-rGO (d) with the insert in 5 M LiOH electrolyte at scan rates from 10-100 mV/s in 5 M
LiOH electrolyte on glassy carbon electrode (GCE).

The diffusion coefficient (D) in cm?/s of H+ ions was calculated by using the Randles-Sevcik
Equation (3), where n is the number of electrons transferred in the redox event, A is electrode area in
cm?, C is the concentration in mol/cm3, v is the scan rate in V/s, and j is the peak current density [50].
Compared to the D for the pure TiO: electrode, determined to be 1.07 x 1077, the diffusion coefficient
for AgFe-TiO>-rGO and AgFe-TiO2 was 2.44 x 10 cm? s™ and 3.39 x 105 cm? 571, respectively, which
showed an order of magnitude increase with the continuous nanofibers (106 cm?/s). The observed
enhancement in the diffusion coefficient can be attributed to the lower photocurrent collection time
due to the modified morphology. According to research by Rahul Malik et al. (2010), this can be
attributed to a decrease in ion mobility due to diffusion in the bulkier sample being

much slower [51].

1 Jp

ple = 272 x 105xn3/2xAxCov1/2 ®)
Electron diffusion coefficients and recombination lifetimes in the TiO: films were studied with
the size of particles and the film surface area. It was observed that electron recombination lifetimes
decreased with the increase of particle size. The presence of rGO sheets is generally believed to
improve electron diffusion and charge separation on TiO: by scavenging photo-generated electrons
away from the TiO: conduction band. However, according to results obtained by Wang et al., it
neither translates to the generation of more freely loose hydroxyl radicals nor improved adsorption
of the organic pollutants on the modified photocatalyst [52]. Equally, in this study, the presence of a

higher concentration rGO imparted the limited redox activity as a result of longer diffusion
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lengths [53]. Here, the AgFe-TiO: catalyst showed enhanced electron diffusion due to optimum
surface conditions, which was corroborated by its photocatalytic activity.

3.1.3. UV-Vis Analysis: Determination of the Catalyst Band Gap

The UV-visible spectra were measured to examine the optical absorption property of the
samples, as shown in Figure 5. A sharp absorption peak in the range of 200 nm-300 nm, similar to
that found by Paul Raj, Samuel in 2013, is shown in Figure 5a and verified the presence of Fe
nanoparticles. The band gap for the synthesized Fe nanoparticles was calculated using the onset in

hc
the graph and the formula: Ey =hv = PR It was therefore found that the band gap for Fe

nanoparticles was 3.73 eV. Figure 5b shows the onset and the wavelength of AgFe with the calculated
band gap of 2.5 eV. In Figure 5c the band gap for TiO2 Degussa was calculated to be 2.93 eV. This was
close to the standard band gap of TiO: Degussa, which is normally 3.1 eV. The lower band gap for
the TiO2 Degussa was due to the nanosized particles that were inclined to provide more reactive sites,
resulting in better photocatalytic performance [54]. Since the band gap of AgFe was calculated to be
2.5 eV, it could be inferred that it lowered the band gap of the TiO: and caused a right shift (red shift)
of the TiO2 peak. These elements may substitute the oxygen atoms in the TiO:lattice and decrease its
band gap by contributing their p-orbitals [55,56], thereby improving reaction rates for photocatalytic
processes.
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Figure 5. UV-Vis spectra for (a) Fe nanoparticles, (b) AgFe nanoalloy, and (c) TiO2 Degussa.

3.1.4. XRD Analysis: Determination of the Catalyst Band Gap

XRD was further used to examine the structures of AgFe-TiO: (a), AgFe-rGO (b), AgFe-TiO2-
rGO (c), and unmodified TiO: (d), as shown in Figure 6. In the case of modified-TiO2 nanoparticle
films, one peak at d = 3.346 "A was observed, which was indexed as (101) of the anatase phase in
accordance with JCPDS-ICDD Card Number 75-1537. The XRD pattern in Figure 6a clearly shows
the main peaks at (26) 36.19, 44.37, and 64.56 corresponding to the (111), (200), and (220) planes of
Ag, respectively. In addition, the iron oxide particles were confirmed by the peaks at 20 at 43.1, 51.6,
and 62.6 concerning reflection of the crystal structure of magnetite (400), (440), and (533), respectively.
For the AgFe-rGO sample (b), the (002) reflection peak was broad and was centered at around 25
degrees. The d-spacing for AgFe-TiOz and AgFe-TiO>-rGO was calculated to be 2.22 nm and 3.25 nm,
respectively. The broadening of the width of the half maximum of the peak in (b) and (c) was due to
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the reduced graphene oxide (rGO). The XRD pattern for unmodified TiO: films (d) showed no distinct
diffraction peaks, indicating its amorphous nature.

a) AgFe-TiO, b) AgFe-rGO
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Figure 6. X-ray diffraction (XRD) patterns of (a) AgFe-TiO, (b) AgFe-rGO, (c) AgFe-TiO2-rGO, and
(d) TiO2 nanocomposites.

3.2. Photochemical and Photocatalysis

3.2.1. Effect of the Initial Concentration on M.O Degradation Efficiency

The influence of the initial concentration on the degradation percentage of M.O was assessed by
changing its value from 2 mg/L to 10 mg/L, which encapsulates its permissible limit (5 mg/L) for
municipal and industrial wastewaters, and the results are disclosed in Figure 7. The greatest removal
was achieved at 2 mg/L. After 90 min of UV exposure, 10, 8, and 27% of M.O removals were achieved
with concentrations of 10, 6, and 2 mg/L, respectively. These results suggested that M.O is a sensitive
dye whose degradation should carefully be carried out [57,58]. Even though 2 mg/L appeared as the
best concentration, in order to meet the sensitivity conditions for the future use of HPLC analysis, 4
mg/L was chosen as the working concentration of M.O and used for all photocatalysis experiments.

30

Degradation %

—o—2 mg/L-+—6 mg/L -

60 80

Time (min)

10 mg/L

100

120

Figure 7. Effect of initial concentration on M.O degradation percentage. Varied parameters: dye
concentration of 2, 6, and 10 mg/L, solution volume 500 mL, irradiation time 120 min.

The bonding characteristics of functional groups in the composites were identified by FTIR, as
shown in Figure 8. According to work done by Ng et al., it is not uncommon that graphene can be
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detrimental to the photocatalytic activities when the desired properties (e.g., localized high
concentration of organic substances adjacent to TiO2) are not met [59]. From the spectra of
AgFe-rGO (a), a band was seen from about 1800 cm™- 900 cm™, caused by the O-H bending and
stretching, which also appeared in the spectrum (c) for AgFe-TiO2-rGO. These confirmed the origin
of the band stems from rGO. Spectrum (a) contained a box inset encapsulating the band ranging from
850 cm1-1260 cm, which corresponded to Spectrum (c), hence affirming the C-C bending and
stretching corresponding to rGO. The band at 1624 cm™! corresponded to the C-C bond of TiO>-rGO
and TiO:z-Fe, which agrees with the work done by Lu et al. (2017) [60]. The peaks at 2927, 1631, and
1383 cm™ in Spectra (a), (b), and (c) confirmed the presence of silver in the nanocomposite [61].

However, in both Spectra (a) and (c), this band was sharper than that of Spectrum (b), and this
was due to rGO enabling a stronger interaction between AgFe and TiO2 compared to AgFe-TiOz. For
TiOz (d), a broad band at 3360 cm™ was indicative of the primary O-H stretching of the hydroxyl
functional group. The band around 1630 cm™! (H-O-H) was due to the incorporation of molecules-
ligands into the coordination sphere of surface Ti-atoms, which led to the deformation of the surface
TiOs octahedrons [62]. These groups were the most basic and photoactive ones that accepted defects
on the catalyst structure, which agreed with earlier work done by Zhang et al. (2002). A broad
absorption band in the low-frequency region (500-800 cm™) was associated with the Ti-O vibration
mode from the structure of Ti—-O-Ti bonds [63].

68
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66 _N/\
%T 4 ‘ \
| AgFe-rGO |
62 |-
eo A L A 1 A A A A A A
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Wavenumber (cm )

Figure 8. FT-IR spectra for nanocomposites (a) AgFe-rGO, (b) AgFe-TiOz, (¢) AgFe-TiO>-rGO, and (d) TiO.

3.2.2. Effect of Solution pH on the Degradation Percentage of M.O

Solution pH is an important parameter for reactions taking place on the surface of a particulate,
as is the case of TiOz photocatalysis. Variations in pH can influence the adsorption of dye molecules
on the TiO2 surfaces. Figure 9 presents the effect of solution pH on dye percentage removal at the
indicated conditions. According to work done by Reza et al. (2017), the degradation percentage of the
pollutant may increase with a decrease in solution pH [64]. The results in Figure 9 indicate that after
90 min of UV irradiation, the highest degradation percentage of methyl orange 98% was achieved at
pH 2 followed by 50%, 35%, 20%, and 15% reached at pH 5, 7, 8, and 9, respectively. Due to excess
anions in the solution, there will be repulsion of the dye by the negatively-charged surfaces of the
adsorbents. Therefore, it is clear that the photocatalytic degradation rate of dye solution decreased
with the increasing of the initial pH. These findings were in good agreement with work done by Sejie
et al. (2016) and Niu (2013), who stated that the adsorption process was improved due to the
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stimulation of the adsorbent surface by the acid in solution at lower pH [65,66]. Concomitantly, in a
similar study done by Milenova, K. et al. (2017), this behavior was stated to be influenced by the
surface polarity, which contravenes the adsorption capacity [67]. A dye concentration of 4 mg/L and
a solution pH of two were chosen as the optimum factors for the photochemical oxidation of M.O.
These conditions were used to further assess the photocatalytic activity of TiO2 Degussa, TiO2
nanospheres, and TiO2 nanotube catalysts and their effect on the removal of M.O dye, respectively.

(a)—e—pH 2 (b) e~ pH 5(c) —e-pH 7(d) pH 8 (e)-o— pHY
100

80

Degradation %

Time (min)

Figure 9. Effect of solution pH on orange II degradation percentage. Varied parameters: solution pH
2,5, and 9. Fixed parameters: dye concentration 4 mg/L, solution volume 500 mL, and irradiation time
120 min.

3.2.3. Photocatalytic Applications for the Degradation of Methyl Orange Dye

The influence of the initial pH of the solution and the surface area both had an influence on the
photocatalysis kinetics; due to the amount of the dye adsorbed on TiOz. From the time-dependent
(M.O) degradation percentage graph shown by Figure 10, the highest percentage of degradation of
M.O was attained with TiO2 Degussa followed by TiO:2 nanospheres and nanotubes, respectively.
After 60 minutes of irradiation, 92.41%, 80.91%, and 21.19% degradations were reached with TiO:
Degussa, TiO: nanospheres, and TiO: nanotubes, respectively. The TiO: Degussa nanomaterial
prepared by a sol-gel method had a good crystalline phase and a small crystallite size, which were
shown to promote thermal stability and photocatalytic activity. The impact of the amount of TiO2
Degussa on the degradation percentage of dye was also investigated at the applied conditions, and
the results are exhibited in Figure 11. The outcomes indicated that dye removal percentage increased
with the increase of the amount of catalyst. After 30 min of UV irradiation, total M.O degradation of
99.99% was achieved with 0.04 g TiO2 Degussa compared to 94% and 56% M.O removals reached
with 0.02 and 0.01g of TiO2 Degussa, respectively, at the same experimental conditions. These results
agreed with what was revealed by previous studies relating the effect of the surface functionalization
and morphology of TiO:z on its photocatalytic activity [68-71]
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40

0
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Figure 10. Photocatalytic activity of TiO2 Degussa, TiOz2 nanospheres, and TiOz2 nanotubes on methyl
orange degradation % at: pH 2, concentration 4 mg/L, amount of catalyst 0.01 g, and irradiation time 2 h.

Altogether, the results in Figure 11 show the pollutant concentration and pH; the catalyst dosage
is also an important parameter, whose effect should be cautiously assessed during photocatalytic

detoxification of water and wastewater pollutants.
120

(c)0.04g
100  ~———o—— 2
80
X
a2
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Figure 11. Effect of TiO2 (Degussa) dosage on removal percentage of methyl orange (M.O) dye. Varied
parameters: amount of TiO2Degussa 0.01 g, 0.02 g, and 0.04 g.

3.2.4. Degradation of M.O by TiO: Combined with UV Light: Effect of TiO2 Morphology

An increase of the catalyst concentration resulted in an increase of the amount of dye adsorbed
on the catalyst surface, affecting the catalytic activity of the photocatalyst. Figure 11 presents the effect
of photocatalyst dosage on M.O percentage degradation in convenient conditions. Within 2 h of
irradiation, the degradation percentage of M.O increased with an increase in the amount of TiO2
Degussa catalyst. That is, the highest M.O removal was achieved with 0.04 g TiO: Degussa, and
complete degradation was reached after 60 minutes with 0.2 and 0.04 g TiOz. For instance, after 30 min
of experiment, 56.38%, 91.57%, and 99.67% M.O removals were achieved with 0.01 g, 0.02 g, and 0.04
g, respectively.

3.2.5. Photocatalytic Degradation of M.O by the Synthesized Catalysts

A strategy used to inhibit electron-hole pair recombination and previously reported by
Mahmoodi, N.M. et al. was to add other electron acceptors to the reaction [72]. Since TiO2 is mostly
activated under UV light, it has to be doped or modified to shift its working range in the visible light
spectrum [73]. When present at a low concentration, the metal AgFe ions enhanced the dye
degradation process. This could be attributed to a suitable trapping of electrons, thereby preventing
the recombination of e~ and h* pairs. The valence band photogenerated holes were free to react with
OH: adsorbed onto the TiO: to create hydroxyl radicals (OH), and the conduction band electrons (at
least a few of them) reacted with electron acceptors such as oxygen, creating oxygen radicals [74].
Therefore, according to the results shown in Figure 12, the degradation of M.O dye was greater in the
presence of AgFe-TiO2 as compared to the other photocatalysts and the absence of any catalyst (inset).
The results illustrated that within the first 30 min of UV irradiation, faster degradation of M.O was
achieved with AgFe-TiO: followed by AgFe-TiO2-rGO and TiO: Degussa. The lower band gap of
AgFe-TiO:z (2.5 eV) shown in Table 1 was expectedly due to the incorporation of AgFe into the TiO:
frame, which further reduced the electron-hole recombination process, which accelerated the
accumulation of electrons in the conduction band (CB) and the proliferation of empty holes on the
valence band (VB) [45]. In this regard, charge carriers (electrons and empty holes) possibly promoted
the production of free radicals through oxidation (VB) and reduction (CB) processes, which validated
the photocatalytic superiority of AgFe-TiOz over AgFe-TiO2-rGO and TiO: as disclosed in Figure 11.
Concomitantly, the related pockets that were formed in the nanocomposite of AgFe-TiOx-rGO
triggered encapsulation of M.O dye molecules instead of remediation [75]. This induced the
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analogous/misguided observation in the first 30 min. These findings were further corroborated by
UV-Vis, and the calculated band gaps are shown in Table 1. The tabulated results revealed that
remediation in UV or visible light was most satisfactory by the AgFe-TiO: catalyst due to its narrow
band gap, reduced electron recombination rate, and effective electron diffusion. These findings are
in good agreement with an earlier study based on modified-TiOz catalysts for complete remediation
of methyl orange in water under visible light [76].
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Figure 12. Photocatalytic activity of various catalysts including TiO2 Degussa, AgFe-TiO2-rGO, and
AgFe-TiO2 on the degradation percentage of M.O (inset: MO degradation in the absence of catalyst).

Table 1. Comparison of the three catalysts’ remediation potential in accordance with their band gap
in the following conditions: solution pH 2, concentration 4 mg/L.

Catalyst Estimated AE, D (cm?s) x 105  Band Gap
TiO: 025V 1.07 x107 ecm?st  3.07 eV
AgFe-TiO2-rGO 0.268 V 244 x10%5cm?2s?  3.02eV
AgFe-TiO: 1.06 V 3.39 x 10~ cm? 57! 2.5eV

4. Conclusions

The presence of AgFe in TiO:2 photocatalytic reactions was demonstrated to be beneficial in
photocatalytic remediation processes. This was attributed to the improved charge transportation, as
well as the pre-adsorption of organic substances adjacent to TiO2. The overall photocatalytic activities
were strongly influenced by the chemical structures of the organic substances, and it was evident that
graphene could be unfavorable to the photocatalytic activities when the desired properties (e.g.,
localized high concentration of organic substances adjacent to TiO2) are not met. The HRSEM
established that AgFe-TiO2 had a more favorable morphology for photo activity compared to AgFe-
TiO2-rGO, which allowed for increased adsorption ability, a reduced number of electron-hole re-
combinations, and hence, enhanced photocatalytic activity. The corresponding diffusion coefficients
for TiO2, AgFe-TiO2-rGO, and AgFe-TiO2 were 1.07 x 107 cm? s,

2.44 x 105 cm? s, and 3.39 x 10-° cm? 57!, respectively. The AgFe-TiO: catalyst, therefore, ensured the
adequate detachment of the photo generated carriers, which had excellent charge-transfer ability and
in turn performed the best in remediation of the methyl orange dye.
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