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Abstract: Phenol and its derivatives are present in effluents from several industrial processes, such
as petroleum refining (produced water) and the pharmaceutical industry, and they are highly toxic.
The present work elaborated a new catalyst for the removal of phenol and its derivatives. The
photocatalyst was prepared by a simple method from the ammonium oxalate of niobium and nickel
nitrate, resulting in heterostructures (principally NaNbO3;/NaNb3;Og and a lesser amount of NiO)
named NiNb. Platinum was deposited on this catalyst (NiNb/Pt catalyst), and its photocatalytic
activity was tested on the degradation of phenol in seawater and distilled water, in the presence
and absence of UV-C light (germicidal, A = 254 nm), and with varying concentrations of platinum
and varying pH of the solution. The catalyst was characterized by different techniques (SEM, EDS,
DRS, XRD, TXRE, Sggr,). The results of the study showed that the NiNb/Pt catalyst achieved 65%
phenol removal in seawater and about 57% removal in distilled water. The reuse of the catalyst was
also studied, and the photocatalytic mechanism was investigated by tests with scavenger agents and
terephthalic acid.
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1. Introduction

Phenol and its derivatives are toxic and persistent in the environment; even at low
concentrations, they can impact water resources, affecting human health and all marine
fauna and flora [1]. Such pollutants can reach the ocean through produced water, which is
characterized as a byproduct of oil and gas production, arising from the extraction process,
and it can be used for reinjection, reuse, or disposal [2,3]. According to the report of the
Brazilian National Agency for Petroleum, Natural Gas, and Biofuels in November 2021, the
estimated amount of produced water was 2.852 million barrels per day [4].

Produced water is composed of benzene, toluene, ethylbenzene and xylene (BTEX),
naphthalene, phenanthrene, dibenzothiophene (DBT), polyaromatic hydrocarbons (PAH),
phenols, gases (H;S, CO,, and O,), and heavy metals (As, Ba, Cd, Cr, Cu, Fe, Pb, Mn,
Hg, Mo, Ni, V, Zn) [3,5,6]. Produced water also has the same constituents as seawater,
but at different concentrations, inorganic ions such as Na*, C1~, Ca?*, Sr2+, Mg2+, and K*
are present [3]. Considering the composition of the produced water, a phenol solution in
seawater was chosen as a simulated effluent. Phenol was chosen because it has a high
solubility in seawater, is a toxic compound to the environment, and is present in effluents
from petroleum refining. Furthermore, phenol has been used in studies that aim to simulate
the fraction of aromatic compounds in water produced from petroleum [7-10].

On the other hand, seawater was used considering its high content of salts, which is
similar to that found in produced water [3]. In addition, in longer times of extraction of the
reservoirs, seawater can predominate in the composition of produced water, since seawater
is used as an injection fluid in the reservoir.
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In some cases, produced water needs to be dumped. However, before this, it must
meet environmental standards, such as those of the CONAMA (The National Environment
Council of Brazil) resolution 430/11, which determines, among other pollutants, that total
phenol emissions must not exceed 0.5 mg-L~! [11]. With increasingly restrictive legislation,
the search for efficient and viable technologies for the treatment of produced water is
essential. An alternative to addressing this problem is heterogeneous photocatalysis;
previous studies have demonstrated its efficiency [12-15]. This process uses a solid catalyst
(a semiconductor) that when activated by UV-light generates highly oxidizing radicals,
such as *OH [16], that are capable of oxidizing organic molecules present in the aqueous
medium, leading to total mineralization (CO, + HO).

Niobium and its oxides have been explored as catalysts quite efficiently, but studies
with niobates are recent and more focused on hydrogen production and the photodegra-
dation of synthetic dyes in distilled water. For example, Yang et al. [17] synthesized a
Pt/N-rGO/N-NaNbOj; through the hydrothermal method, obtaining a hydrogen produc-
tion equivalent to 2342 pmol-g~1-h~1.

The term “heterostructure” refers to a combination of two semiconductors, which
must differ in their band gap, lattice parameter, stoichiometry, and chemical nature with
varying degrees of complexity [18]. The advantage of working with heterostructures is the
inhibition of electronic recombinations, which improves photocatalytic activity [19]. The
use of heterostructures in photocatalysis was demonstrated previously by Li et al. [20], who
applied AgSbO3;/NaNbOjs in the photodegradation of Rhodamine B (RhB) dye, as well as
Kumar et al. [21] who applied a CdS/NaNbOj to remove methylene blue (MB); among
other researchers. On the other hand, Nickel oxide (NiO) is a well-known semiconductor
material (p-type), with a wide band gap, and good chemical and thermal stability, it has
applications in catalysis, photocatalysis, and the manufacture of cathodic batteries, gas
sensors, electrochromic films, fiber optics, and solar cells [15,22,23].

In the present paper, a simple synthesis method to obtain a heterostructured mate-
rial is described. The synthesized heterostructure is composed of two sodium niobates
(NaNbO3 /NaNbsOg) and nickel oxide (NiO), and the photocatalytic properties of this
material were evaluated.

Few works have focused on the application of heterogeneous photocatalysis in ef-
fluents with high salinity, reinforcing the importance of further research on this issue.
Silva et al. [24] demonstrated the application of Heterogeneous-Photocatalysis and Photo-
Fenton (using TiO; and FeSO4-7H,O as catalysts, respectively), to treat two types of
effluents: a model solution of phenol in seawater and a real sample of oil-produced water.
Their results showed a maximum of 99% of phenol removal, despite the high content of
salts present in seawater. Wang et al. [25] applied a catalyst of SiO,-TiO, doped with La3*
and used graphene oxide for the treatment of a phenol solution in seawater (15 mg-L™1!),
obtaining 90% removal.

Performing Heterogeneous-Photocatalysis in seawater is a big challenge because of its
high salinity. Therefore, in the present work, aiming to improve the photocatalytic activity
of the catalysts, a noble metal (Pt) was used, as it is known that the deposition of noble
metals on the surface of a semiconductor forms a Schottky barrier, which can optimize the
photocatalytic process [23].

In a simple search on the Web of Science, using the keyword ‘sodium niobate” (and
filtering by nickel oxide), only five results appear in return, and none of these address the
application in heterogeneous photocatalysis. George et al. [26,27] synthesized a mixture
of NaNbOj3/NiO as a dielectric material. The synthesis of such a material involved two
calcination steps, one at 699 °C and the second step at 1039 °C. Zieliriska et al. [28] and
Iwase et al. [29] synthesized sodium niobate and nickel oxide (NiO/NaNbOQOj3) catalysts and
applied them to hydrogen production. In the material synthesized by both authors, there
were two calcination steps, the first occurring in 11 h. In their work, Kioka et al. [30] discuss
the obtainment of nanostructures for the manufacture of transparent materials that can
be used as fiber optic glasses, through the formation of NaNbOj from the crystallization
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of glass composed of 30 Na;O — 25 NbyOs — (45 — x) S5iO; — xAlO; 5. The nickel oxide
added to an improvement of the laser adsorption in the optical fiber; this material because
is made of glass components and thus demands high calcination temperatures (1500 °C).

In comparison to reports mentioned above that also study niobates, the synthesis
method described in our paper proved to be quite simple because it occurs in a single step
(by coprecipitation of the precursors) and needs only one calcination step (at 500 °C). In
this way, it is important to comment that such characteristics follow some of the Green
Chemistry Principles, in aspects such as the prevention of waste, being free of solvents, and
less energy consumption [31].

Finally, the objective of the present work was to degrade phenol in seawater by
heterogeneous photocatalysis under UV-C radiation (254 nm), using catalysts based on a
heterostructure material (of Ni, Nb, O, and Na) promoted by platinum.

2. Results and Discussions
2.1. Catalyst Characterization
2.1.1. X-ray Diffraction (XRD) Analysis

The crystallographic pattern of the synthesized material (the NiNb catalyst) is shown
in Figure 1. According to the XRD result, the NiNDb catalyst consists of a mixture formed by a
heterostructure of sodium niobate (NaNbO3 /NaNb3Og) and nickel oxide (NiO). According
to the ICDD database, the peaks of the XRD pattern of the catalyst correspond to PDF
N° 21-1367, 74-2436, and 73-1519, demonstrating the orthorhombic crystalline phase of
niobates [32]. These results indicate that sodium niobates are present in the forms of
NaNbOj3 and NaNb3Og, corroborating the formation of the heterostructure. Furthermore,
the occurrence of irregular peaks of low intensities at Bragg angles that correspond to PDF
N° 73-1519 indicates the presence (in minor proportion) of nickel oxide (NiO) in FCC (face
centered cubic) structure.

0 X NaNb,0 , PDF 21-1367

X 0 NaNbO, PDF 74-2436

0 +NiO  PDF 73-1519
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Figure 1. Results of X-ray diffraction (XRD) analysis of the NiNb catalyst.

2.1.2. Diffuse Reflectance Spectroscopy (DRS) Analysis

Generally, the catalysts used in the photocatalytic degradation of organic contaminants
and the photocatalytic production of hydrogen from water are semiconductor materials, such
as transition metal oxides, e.g., ZnO, ZnS, Fe; O3, CdS, and TiO;, among others. Most of these
compounds are activated by UV radiation (<350 nm or a band gap energy >3.0 eV) [33,34].
However, these compounds have a band gap in the range of 3.0 to 3.2 eV, which prevents
the use of visible light (which accounts for most of the solar energy). Therefore, in this
work, UV-C radiation was used to activate the NiNb catalyst.
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The DRS spectrum of the catalyst after treatment by the Kubelka—Munk function f
(R) is shown in Figure 2. The arrow indicates the tangent line to the curve, which, when
reaching the X-axis, indicates the band gap energy of the NiNb catalyst [35].

5.0 1 —NiNb
45-
40
35-
3.0-

2.5

FIRIN1/2)XEN(1/2)

2.0

3.12eV

[
o
.

1 ' 2 ' 3 ' lll ' 5 ' 6 ' 7
E (eV)

Figure 2. Result of Diffuse Reflectance Spectroscopy (DRS) analysis of the NiNb catalyst.

Figure 2 demonstrates that the NiNb catalyst has a band gap of approximately 3.12 eV.
This band gap is close to the band gap of lamellar potassium niobates (KNb3;Og and
K4NbgO17), whose energy is 3.65 eV and 3.62 eV, respectively [36]. Praxedes [37], in his
work with sodium niobates and potassium niobates, he found a band gap equivalent to
3.49 eV for NaNbOj3 and 3.27 eV for KNbOs. The NiNb catalyst also has a band gap similar
to TiO,, which is 3.2 eV [38], the latter being the most used catalyst in photocatalysis.

2.1.3. Surface Area (Sggr), Particle Size Distribution, and Zeta Potential

Figure 3 shows the particle size distribution of the NiNb catalyst. This figure reveals
the presence of only one peak with a size between 900 and 1800 nm, indicating dispersed
particles with almost no agglomeration (a narrow distribution of the particle size). Ad-
sorption of nitrogen measurement (Sggr) indicated a surface area of 5.030 mz-g_l, this
small surface area can be considered as a result of the large particle of this catalyst [39],
observed in the particle size distribution. According to the zeta potential measurement, the
surface charge of NiNb is —38.20 mV (at the natural pH of the solution), the value is close
to that found by Ghorai and Dhak [40] for a catalyst composed of niobium and titanium
oxides with a surface charge of —24 mV. According to this analysis, at natural pH the NiNb
catalyst has negatively charged particles on the surface, this property can influence the
adsorption of molecules on the catalyst surface during photocatalysis.
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Figure 3. Particle size distribution and surface charge.

2.1.4. Scanning Electron Microscope (SEM) Analysis

The SEM analysis shows that the NiNb catalyst has a morphology in the form of small,
smooth, and homogeneous agglomerates, as illustrated in Figure 4. Materials with similar
morphology were found by Assis [41] who synthesized NaNbOj3, and by Wu and Xue [42]
who synthesized NaNb3Os.

x10,000

Figure 4. Image obtained by Scanning Electron Microscopy (SEM) of the NiNb catalyst (x 10,000
approximations).

2.1.5. Total Reflection X-ray Fluorescence (TXRF) Analysis

The TXREF results of the catalysts (the NiNDb catalyst, and the same catalyst after Pt
deposition: NiNb/Pt) are shown in Table 1, the composition of the samples is expressed in
weight percent (wt, %). According to this table, the NiNb catalyst is composed principally
of nickel and niobium, with a purity of 99.97%, and 0.03% of impurities corresponding to
the reagents used for the synthesis of this catalyst. In the NiNb /Pt catalyst, in addition to
nickel and niobium, the presence of platinum was also detected, but in a smaller amount
than expected, which suggests that the deposition method of this metal on the catalysts
was not very effective (probably there was a loss of platinum during the deposition pro-
cedure). Another possibility is the leaching of a small quantity of the platinum after the
photocatalytic test, as the NiNb /Pt catalyst for this analysis was that one recovered after
the first cycle of photocatalysis (see the methodology). As the NiNb/Pt catalyst was that
recovered after one cycle of use, other compounds from seawater such as Cl, K, P, Cr, and S
were present in the sample, the latter being from sulfate anions [3] (Table 1).



Catalysts 2022, 12, 1565 6 of 19

Table 1. Results obtained from the TXRF analysis of the catalysts (average values).

Weight % Weight %
Element NiNb NiNb/Pt
P - 0.0137
S - 3.6281
Cl - 40.0911
K 0.011 0.8279
Ca 0.0091 1.4181
Ti 0.0017 0.0037
Fe 0.0026 0.0046
Cr - 0.023
Ni 1.8689 0.762
Cu 0.0049 -
Zn 0.0023 0.0022
Nb 98.099 53.0232
Nd 0.0004 -
Pt - 0.2023

According to Section 2.1.1, the XRD analysis indicates the presence of (NaNbOs/
NaNb3Og) heterostructure, therefore, sodium (Na) is expected in the catalyst composition
in the TXRF analysis, however, it wasn’t detected owing to the limitation of this technique.
TXRF can identify elements with an atomic number equal to/or higher than 12, since
sodium is an element of low atomic number (Z = 11) it was not possible to quantify it
by TXRF.

2.1.6. Energy Dispersive X-ray Analysis (EDX)

For a better understanding of the composition of the catalyst, in special for the quan-
tification of sodium, the NiNb catalyst was analyzed by Energy Dispersive X-Ray Analysis
(EDX), and the results are shown in Table 2. The results confirmed the presence of the
elements expected for the NiNb heterostructure (NaNbO3 /NaNb3Og and NiO), detailed in
Section 2.1.1.

Table 2. Chemical composition of NiNb catalyst obtained by EDX (average values, weight
percent, %wt).

NiNb

Element wt %
@) 47.87
Na 23.99
Ni 3.32
Nb 24.82

2.2. Photocatalytic Tests

Unless it is mentioned, all the photocatalytic tests were carried out with the phenol
solution made in seawater. Figure 5 presents a comparative study of the phenol removal
(%) in seawater. This figure shows the results obtained in the test in the dark (that is in the
absence of UV-light but with the catalyst), using a ratio of 0.0125 g of catalyst to 25 mL of
phenol solution. The figure also contains the result of the photocatalytic test in the presence
of UV-light but without catalyst (blank test), and the results of the photocatalytic test in the
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presence of UV-light and catalyst. Each test has a specific objective: the test carried out in
the dark, with the catalyst, aims to verify the contribution of the adsorption of phenol on
the surface of the photocatalyst, whereas the blank test, in the presence of UV light (without
catalyst), was used to evaluate the photodegradation of phenol, only by photolysis.

IS} N @
S & =}
! ! !

Phenol Removal (%)
b=
1

10

Catalyst UV light Cat+UV light

Figure 5. Comparative tests of adsorption (in dark, 0.0125 g of the NiNb catalyst, 25 mL of phenol
solution in seawater, and pH = 3.5), photolysis (only UV-light for 1 h, without catalyst, 25 mL of
phenol solution in seawater, and pH = 3.5), and heterogeneous-photocatalysis (0.0125 g of the NiNb
catalyst + UV light for 1 h, 25 mL of phenol solution in seawater, and pH = 3.5).

According to Figure 5, in the presence of the NiNb catalyst but without UV irradiation
(dark test), the phenol removal % is very low. This suggests that the adsorption of phenol
on the catalyst is not favored. This might be due to the low surface area of the catalyst
(5.030 m?/ g), when compared for example to TiO; [43]. Gongalves et al. [44] reported
in their study that a commercial Nb,Os has a specific surface area of 1.50 m? /g, which
can increase to 2.40 m? /g if calcined at 600 °C. Figure 5 also shows a higher percentage
of removal in the blank sample, which indicates that photolysis is favored more than the
adsorption process.

However, according to Figure 5, the combination of UV-light and the NiNDb catalyst
increased the phenol removal %, demonstrating that heterogeneous photocatalysis took
place. It is well-established [12-15] that when solid semiconductors (which have valence
bands (VB) and conduction bands (CB), separated by a gap of energy- also known as band
gap energy), are irradiated with photons with energy higher than the band-gap energy of
the material, electrons from the valence band are promoted to the conduction band. This
process forms electron-holes (h*) in the valence band. These electron-holes (h*) are capable
to oxidize organic molecules in water, they can also break water molecules and generate
hydroxyl radicals (*OH), and through these radicals trigger the oxidation of contaminants
present in water [16].

To increase the phenol removal % obtained by the NiNb catalyst in heterogeneous
photocatalysis, this catalyst was impregned with Platinum. As will be described in the
methods, the amount of Pt (added as hexachloroplatinic acid solution, and impregned by
photodeposition method) was varied as 100, 500, and 1000 uL, which correspond to 0.32%,
1.6%, and 3.2% Pt. Figure 6 shows the results of phenol removal % obtained in the hetero-
geneous photocatalysis using the NiNb catalyst with various platinum concentrations, as
well as the kinetic study.

The presence of noble metals (in this case, Pt) on the surface of a semiconductor
generates a phenomenon known as the Schottky barrier [23]. This process consists of
decreasing the work function of the semiconductor and increasing that of the metal until
the energy levels are equal. In this way, both obtain negative and positive charges in
excess, forming a barrier capable of capturing photogenerated electrons (e’cp) on the
semiconductor surface and suppressing the recombination of electron-hole pairs, thus
increasing the photocatalytic activity of the semiconductor [23].

As shown in Figure 6, a higher amount of platinum (1000 uL) added to the catalyst
increased the phenol removal up to 65%. In this test, it was possible to verify that the
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reaction reached the equilibrium after 5 h. During the tests, it was verified that the catalyst
does not change the salinity of the water, that is, it cannot remove the mineral salts present
in the seawater, because the salinity remained the same (approximately 30 ppm) before and
after the photocatalytic test.

100uL.Pt /7] 500uL.Pt
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Figure 6. Kinetics of heterogeneous photocatalysis reaction in seawater with 0.0125 g of catalyst, 1 to
6 h of UV light, an amount of platinum (100, 500, or 1000 uL), and pH = 3.5.

Figure 7 presents the results of phenol removal (%) obtained by heterogeneous photo-
catalysis under the same conditions as the test presented in Figure 6, however, this time
the tests were carried out with a phenol solution made in distilled water (aiming to see the
effect of salts in the photocatalytic process). Figure 7 shows that equilibrium was reached
in 5 h with 55% removal. Thus it is very clear that the phenol removal % in distilled water
is lower than that shown for seawater (see Figure 6).
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Figure 7. Kinetics of heterogeneous photocatalysis reaction in distilled water with 0.0125 g of catalyst,
1 to 6 h of UV light, an amount of platinum solution (100, 500, or 1000 uL), and pH = 3.5.

The present study demonstrated that the NiNb /Pt catalyst presents a superior per-
formance in seawater. Thus, it is possible to infer that the salts present: Na*, K, Ca?%t,
Mg?*, and C1~ might have contributed to the increase of the ionization of phenol molecules,
making them more soluble in water, as it is known that phenolic compounds can coor-
dinate with the metallic cations present in water [45,46]. Furthermore, such salts may
also contribute to the diffusion of phenol molecules in the pores of the catalyst, all these
characteristics could be favoring the photocatalytic performance in seawater. The catalyst
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demonstrated the ability to overcome interactions generated by salts such as K*, Ca?t,Cl,
Na*, and Mg?*, which could compete with the oxidizing centers of phenol, making an
inhibitory effect during the photodegradation process, but it seems that this effect did not
occur, since these salts are in their maximum oxidation state [12,47,48].

Other authors have also demonstrated better results in removing contaminants from
saline effluents than from distilled water [25,49,50]. For example, Iguchi et al. [51] improved
the phototacalytic reduction of CO, through the addition of 0.1 M NaCl.

The interaction of phenol molecules with seawater salts can lead to the formation of
derivated phenolic compounds, such as chlorophenols, which can be formed from chloride
ions under UV irradiation [52]. The colorimetric method used in our research [45,46]
quantifies the total phenolic compounds, so it is possible to deduce that such derivated
compounds were also removed during the photocatalytic process.

2.2.1. Variation of pH of the Phenolic Solution

The phenol removal by heterogeneous-photocatalysis using NiNb /Pt catalyst were
studied under different pH of the initial solution, the results are shown in Figure 8. As
shown in Figure 8, the best results of phenol removal % were at pH 1.0, 3.5, 7.0, and 8.5.
The test carried out at pH 10 recorded the worst result.

70
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=}
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Phenol Removal (%)

T T T T T T
pH1 pH35 pH7 pH8.5 pH 10

Figure 8. Phenol removal after 5 h of UV irradiation, at different pH of the initial phenolic solution
(0.0125 g of catalyst, 500 uL of platinum solution).

The adsorption of phenol on the surface of the catalyst is favored when it is in undis-
sociated form, this occurs at low pH. This can explain the better performance in removing
phenol at pH below 8.5, and at acidic pH. Previous works have shown that in heterogeneous
photocatalysis, phenol is better removed at pH 3 [16,24]. Thus, based on experimental data
from other studies, this project was chosen to work with a pH in the range of 3.0 to 3.5.

The results obtained at pH 7 can be explained by the increase of phenol solubility and
the abundance of hydroxyl ions, preventing the diffusion of phenolic ions [53].

In this study, the natural pH of the model effluent is pH is 8.4 (phenolic solution
without pH modification), and after the addition of the NiNb /Pt catalyst the pH rises to
8.5. The removal of phenol % achieved at this pH is similar to that obtained at pH 7.

At pH above 9, phenol is converted to negatively charged phenoxide, thus decreasing
the adsorption capacity, as the photocatalyst surface is negatively charged, this can cause a
repulsive force against the phenolate ion [16,24,53].

The pH of the oil-produced water can vary between 4.3 and 10.0 [3]. In our study,
the pH 3.5 for the phenol solution was chosen based on previous studies, as niobium
compounds are normally used in acid catalysis [16,24,54]. However, in the study of the
variation of pH of the solution, it is possible to see that the catalyst can perform very well
at a wide range of pH, from pH 1.0 to 8.5. Applying the catalyst without pH correction
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(pH 8.5) would be very interesting for further studies since CONAMA resolution 430/11
establishes that effluents must be disposed of in a pH range between 5.0 and 9.0 [11].

2.2.2. Oxidizing Species

To verify the presence of active species generated during the photocatalytic process,
scavengers of superoxide radicals (O,°*7), positively charged holes (h*), and hydroxyl
radicals (*OH) were used. In these tests, the NiNb /Pt catalyst was used, under the same
conditions previously established (5 h UV-irradiation, 500 pL of platinum solution, 25 mL
of phenolic solution, and 0.0125 g of catalyst), however this time the scavenger agents
(ethanol, p-benzoquinone, and KI) were present, and used separately, in order to extinguish
a specific oxidizing species. Ethanol (EtOH), p-benzoquinone (BQ), and potassium iodide
(KI) were added to capture the *OH radical, the anionic superoxide radicals (O,°~), and
the positively charged holes (h*), respectively. [55,56]

Each test was compared with a blank sample, that is, the test without the scavenger
agents. These results are shown in Figure 9, they are expressed in reduction percent (%),
which means the reduction of phenol removal caused by the addition of such a scavenger.
Only the photocatalysis process was considered for this account. In Figure 9, it is possible to
observe that ethanol reduced the removal of phenol to approximately 25%, thus confirming
the presence of *OH radicals in the photocatalytic reaction.
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Figure 9. The effect of active species (2 mM of KI, ethanol and p-benzoquinone) on the photocatalytic
reaction at 4 h of UV irradiation, 0.0125 g of catalyst, and 500 uL of platinum.

The reduction of 27% of the phenol removal caused by the addition of potassium iodide
(KT) confirmed the presence of photogenerated vacancies (h*yp) in the photocatalytic reaction.

The presence of p-benzoquinone reduced the phenol removal to 62%, confirming
that during the photocatalytic degradation of phenol, superoxide radicals (O,°~) were
produced. As this is the highest value of reduction, it can be affirmed that these radicals
have more influence in the photocatalytic process occurring over NiNb /Pt [49]. Thus, it is
possible to suggest that the decreasing order of influence of radicals on the phenol removal
over NiNb/Ptis O,*~ > h*yg > *OH.

2.2.3. Hydroxyl Radical (*OH) Detection Experiments

For a better understanding of the presence of the hydroxyl radicals (*OH) dur-
ing the photocatalytic process, terephthalic acid (TA) was used as detailed in the meth-
ods. The reaction between the hydroxyl radicals and terephthalic acid (TA) produces
2-hydroxyterephthalic acid (2-HTA), as shown in Equation (1) [57,58]:

TA + *OH — 2-HTA 1)

The formed compound (2-HTA) can be detected by fluorescence at a wavelength of
425 nm. The emission spectra fluorescent obtained from the photoreaction on NiNb and
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NiNb/Pt catalysts are shown in Figure 10. It can be seen that the emission spectra fluores-
cent has an intense peak at 425 nm that corresponds to 2-HTA [57,58], thus confirming that
only the NiNb /Pt catalyst promotes the formation of ¢OH radicals. These results are in
agreement with those obtained in the photocatalytic tests, in which the presence of the Pt°
significantly increased the photocatalytic performance of the NiNb catalyst.

) —— NiNb
55 —— PtNiNb
50
45

40 M 'y
35 - | ")
30 ‘\w‘N
25 1 | )
20- \

Intensity (a.u.)

15+
10
5

o

350 400 450 500 550

Wavelength (nm)

Figure 10. Fluorescence spectrum of 2-HTA after the photocatalysis. Black line shows the result
obtained using the NiNb catalyst (0.0125 g), and red line shows the result obtained using the NiNb /Pt
catalyst (0.0125 g of NiNDb + 1000 puL of platinum in distilled water).

2.2.4. Proposed Mechanism

Due to the complex composition of seawater, the mechanism of heterogeneous photo-
catalysis in seawater is still unclear. However, based on other works [16,24,47] and taking
into account the previous paragraphs in Sections 2.2.2 and 2.2.3 concerning oxidizing
species, it is possible to infer the involved steps. The photodegradation of phenol occurs in
three steps: the adsorption of phenol or water molecules on the surface of the photocatalyst,
followed by photodegradation of the phenol surface, and the desorption of products from
the surface of the photocatalyst.

As reported by refs. [16,24,47,59], during the photoactivation of the semiconductor
catalyst, the valence band electrons (e™yp) are promoted to the conduction band (e™ ),
generating electron vacancies in the valence band (h*yp), as illustrated in Equation (2):

Photocatalyst + UV irradiation (A = 254 nm) — (e ¢p) + (h"yp) ()

In the photodegradation mechanism, the predominant step is adsorption, either of
the phenol molecules or the water molecules. In this step, the charge transfer from the
semiconductor to the molecules adsorbed at the active points of the photocatalyst occurs,
causing several redox reactions from active species such as vacancies generated by photons
(h*yB), photo-promoted electrons (e~ cp), hydroxyl radicals (*OH), and superoxide ions
(O2°7), such reactions are favored by thermodynamic factors [60,61]. During irradiation,
photochemical species of peroxides (O,°~ radical superoxide) are generated from the
presence of O, in the aqueous medium. Such a radical acts as a precursor of many reactive
species, being an essential source of hydroxyl radical, also preventing the recombination of
the electron-hole pair in the catalyst, thus improving the redox process [16,24,47,59].

The photodegradation mechanism can occur directly or indirectly. In the direct mech-
anism, the oxidative decomposition of the phenol molecules adsorbed on the surface of
the photocatalyst occurs, whereby the species (h*yg), (e~ cp), (*OH), and (O,°*~) promote



Catalysts 2022, 12, 1565

12 0of 19

the mineralization of the pollutant in CO, and H,O. In the indirect mechanism, the H-O-H
bonds of the adsorbed water molecules are broken, with the consequent generation of
hydroxyl radicals, *OH, which attack the phenol molecules in the reaction medium [47,59].

It is worth mentioning that among the redox reactions mentioned above, there is still
the platinum photoreduction reaction, which also contributes to the oxidation of phenol
molecules and its derivatives.

Yao et al. [59] proposed (in their work regards the immobilization of TiO, on acti-
vated carbon fiber) that the photodegradation of phenol follows the following reaction
mechanism:

h*yg + OH™ — *OH 3

Oy+e” cp— 0 4)

0,* +e g +2HY - H,0O, (5)

0" + 0O +2H"— Hy,O, + Oy (6)

Phenol + UV irradiation (hv y—54nm) — Phenol® (7)
Phenol® + photocatalyst — Phenol®* + photocatalyst (e) (8)
Phenol®** + *OH (our O,°”) — intermediaries — CO, + H,O 9)

Based on the data obtained in Sections 2.2.1-2.2.3 and on the results of Figures 9 and 10,
it is concluded that among the reactions (3-9), the reactions that are more favored in the
photocathalytic process of our study are the reactions promoted by the superoxide radical
(O2°7) and by the *OH radical, seen in Equations (3)-(6) and (9). The abundance of these
radicals in the reaction medium is due to the oxygen dissolved in water, due to the oxygen
absorbed from the external environment (since the reactor is open to the air), and due to
the dissociation of water molecules. The presence of these radicals in major proportion,
together with the increase of the ionization of phenol (favored by the salts present in
seawater), result in the good photocatalytic efficiency of the NiNb /Pt catalyst. Figure 11
presents an illustrative scheme of the dynamics of the proposed mechanism.

N

o, (atmospheric air)

H,0 /\

OH™ po B Pt°

NiNb catalys
Eg=3.12 eV BAND GAP
Pto f\
Phenol (in seawater)

‘OH 02-7 H,0, OH pH=3.5

Intermediates — CO, + H,0

Figure 11. Scheme of the proposed mechanism (CB: conducting band; VB: valency band; Eg: band-gap

E=h.v
_—

UVC A=254nm

energy). Source: prepared by the author.

2.2.5. Catalyst Reuse

According to Figure 12, in all samples, the photocatalyst reduced its removal capacity
as the reuse cycles occurred. The decrease in the efficiency of the photocatalysts along the
cycles was expected and may be related to the presence of salts in the seawater; these ions
may be clogging the pores and active sites of the surface of the photocatalyst. The clogging
of the pores by seawater salts is very possible because according to the TXRF analysis, a
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high concentration of the element from seawater was detected, see Table 1 (NiNb/Pt). The
decrease in efficiency can also be attributed to the leaching of a small part of Pt during the
process of recovery of the catalyst after each cycle. There is a significant reduction in the
phenol removal (%) after the first cycle, but the second and the third cycles remain almost
constant, which suggests that the catalyst can remove phenol for further cycles and that can
be reused. It also suggests that the platinum remained deposited in the catalyst. Table 1,
presented previously, shows the composition of NiNb /Pt after one cycle.

100uL.Pt 500uL..Pt FFFFH] 1000uL.Pt

Phenol Removal (%)

T T T
1 Cycle 2 Cycle 3Cycle

Figure 12. Result of photocatalyst reuse (every test lasted for 5 h under UV irradiation, 0.0125 g of
catalyst, and an amount of platinum (100, 500, or 1000 uL)).

3. Materials and Methods
3.1. Catalyst Synthesis

10 g of ammonium niobium oxalate salt (NH4[NbO(C;04),-H,O]- XH,O (supplied
by Brazilian Metallurgy and Mining Company, CBMM, Araxa, Brazil) and 1 g of nickel
nitrate hexahydrate Ni(NO3),-6H,O (Sigma Aldrich, St. Louis, MO, USA), both dissolved
in 100 mL of water, were precipitated at room conditions with 20 mL of NaOH solution
(5 mol/L), resulting in a green-milky colloid. The pH of this former colloid was subse-
quently regulated to pH 8. This precipitate was then washed continuously to remove
excess sodium, dried at 80 °C (for 12 h), and finally calcined at 500 °C (at a heating rate of
5 °C-min~1) for 1 h in the presence of atmospheric air. This catalyst was named NiNb. The
methodology was adapted from Carvalho et al. [62] and Nogueira et al. [63].

3.2. Catalyst Characterization

The crystalline phases were characterized by X-ray diffraction analysis (XRD) in a
Rigaku Multiflex diffractometer (Rigaku Corporation, Tokyo, Japan) (30 kV, 10 mA), in the
range 20 = 5-80°, using Cu-K « radiation (A = 1.5406 A). The identified diffraction data
were compared with the International Center for Diffraction Data (ICDD) database. UV-
visible diffuse reflectance spectroscopy (DRS) analysis of the photocatalyst was performed
on a Varian Cary 100 Bio UV /VIS spectrophotometer (Varian Inc./Agilent Technologies,
Ottawa, ON, Canada) equipped with integrating sphere diffuse reflectance along with
BaSQy as a reference material. The measured reflectance data R were transformed with
the Kubelka-Munk function f (R) to determine the gap value through the Tauc plot. The
energy of the band gap of the photocatalyst was determined according to the method of
Woody and Tauc, 1972 [64]. The band gap of the photocatalyst was determined by linear
extrapolation of the steep part of the DRS profile, towards the baseline. The gap energy (Eg)
was estimated by the following formula (Tauc graph) [64]: («hv)" = A (hv — Eg), where a is
the absorbance, hv is the photon energy, “A” is related to the effective masses associated
with the valence and conduction bands, and n is n = 2 for a permissible indirect transition
or n = 1/2 for a direct transition.

Scanning electron microscopy (SEM) and energy-dispersive X-ray analysis (EDX) were
performed in LEO equipment, model 440 (Shimadzu Corp., Kyoto, Japan), and JEOL JSM-
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6700F (Japan) field emission with a secondary electron detector (SE) at an accelerating
voltage of 20 k.

To measure the surface area BET (Sggr), a Micromeritics FlowSorb II 2300 equipped
with a Micromeritics AutoMate 23 (Shimadzu Corp., Japan) was used. The particle size and
the zeta potential of the photocatalyst were obtained in a Zetasizer Nano ZS90 (Malvern,
PA, USA).

The NiNb catalyst (before and after a photocatalytic cycle) was analyzed by Total Re-
flection X-ray Fluorescence (TXRF) in a S2 Picofox spectrometer (Bruker AXS Microanalysis
GmbH, Berlin, Germany). The conditions for TXRF were: measurement time 300 s, voltage
40 kV, 50 W X-ray tube, molybdenum target, and silicon drift detector. In this analysis, the
samples were prepared as follows: 50 mg of catalysts (powdered and dried) were added to
1 mL of 1% Triton, forming a homogeneous suspension, after that, 10 uL of gallium was
added as an internal standard. The suspension was homogenized, and then 10 pL of this
suspension was pipetted in the center of a quartz reflective support and dried in an oven at
60 °C. The samples were measured in duplicates. The TXRF spectra were analyzed by the
software provided with the 52 Picofox spectrometer.

3.3. Photocatalytic Tests

All tests were performed in triplicate with a phenol solution (40 ppm) prepared with
seawater as the solvent. The seawater was previously filtered through a membrane filter
(0.2 um) to remove suspended organic matter. Seawater was collected in a preserved region
of Guaruja City (Sao Paulo, Brazil).

The photocatalytic tests were carried out in a dark chamber with internal ventilation
and exhaust. For UV irradiation, six germicidal UV-C light tubular lamps (15 W G13,
254 nm, 220 volts) were used. The tests were carried out in a batch system using glass
beakers (500 mL) as reactors and a continuous stirrer. The irradiation reached the solution
directly from the top of the reactor. A phenol concentration of 40 ppm in seawater was
used for every photocatalytic test; before the irradiation, the suspension (catalysts/phenol
solution) was stirred in the dark for 20 min, and then the irradiation started with time
variations from 1 to 6 h. For each catalytic test, 25 mL of phenol solution and 0.0125 g of
catalyst were used, forming a suspension with a concentration of 0.5 gear-L ™.

In the tests, parameters such as degradation time, the influence of UV light, and the
presence of platinum were verified.

Test of variation of platinum on the catalyst: The Pt° was deposited on the catalytic
surface by the photodeposition of hexachloroplatinic acid (H,ClgPt-6H,0) solution. The
amount Pt of hexachloroplatinic acid (H,ClgPt-6H,0) solution varied between 100, 500,
and 1000 pL, which correspond to 0.32%, 1.6%, and 3.2% Pt, regarding the total weight of
catalyst (wt%), respectively. The initial pH of the reaction was between 3.0 and 3.5.

Test of photolysis: The photodegradation of the phenol solution was also verified
under UV light in the absence of the catalyst.

Test in the dark (adsorption): Phenol removal was also verified in the presence of
catalyst but in the absence of UV light.

In all photocatalytic tests, the concentration of phenol was monitored by the col-
orimetric method (using 4-aminoantipyrine) [45,46], as this method quantifies the total
phenolic compounds present in the solution. These measurements were carried out using
a spectrophotometer; the calibration curve was read at A = 510 nm, and the removal %
of phenol (X%) was calculated by the following formula: X (%) = [(My — Mf/Mjy] x 100,
where My and Mf mean the concentrations of phenol at the beginning and the final of each
photocatalytic test, respectively.

3.3.1. Variation of pH of the Solution

To verify the influence of pH on the photocatalytic reaction, photocatalytic tests were
carried out with phenol solution in different pH: pH 1.00, 3.5, 7.00, and 10.00, (at the
beginning of the reaction). The percent of phenol removal of the photocatalytic process at a
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natural pH (which means without pH modification) was also verified. Both the seawater
and the phenol solution (40 ppm of phenol in seawater) had a pH of 8.4. In these tests,
every test used 0.0125 g of catalyst, 25 mL of phenol solution, and 500 pL of platinum. The
photocatalytic tests started for 20 min in the dark followed by 5 h under UV light.

3.3.2. Verification of Oxidizing Species

In order to describe the reaction mechanism that takes place over the catalyst, a set of
experiments was carried out in the presence of scavengers of oxidant species. The following
scavengers were used individually (at a concentration of 2 mM) in the photoreaction to
quench a specific reactive species: ethanol (EtOH), p-benzoquinone (BQ), and potassium
iodide (KI) to capture hydroxyl radicals (*OH), anionic superoxide radicals (O,°~) and
positively charged holes (h*), respectively. Each photocatalytic test of this experiment was
performed in duplicate, with 500 puL platinum solution, 0.0125 g of catalyst, 25 mL of phenol
solution, and 5 h of UV irradiation. The methodology was adapted from Rosli et al. [57].

3.3.3. Hydroxyl Radical Measurement Experiments (*OH)

It is known that the reaction between terephthalic acid (TA) and *OH produces a
highly fluorescent molecule, 2-hydroxyterephthalic acid (2-HTA), which shows a signal at
a wavelength of 425 nm, making its detection feasible [57,58]. For this reason, for a better
understanding of the formation of the hydroxyl radical (¢OH) during the photocatalytic
degradation experiments, terephthalic acid (TA) was used as a proven molecule in the
photocatalytic tests using the catalysts in the presence and the absence of Pt (1000 pL
of platinum solution) in distilled water. The 2-HTA was detected with a fluorescence
spectrophotometer (Shimadzu RF-5301, Kyoto, Japan) to monitor the fluorescence emission
at a wavelength of 425 nm with excitation at 315 nm.

3.3.4. Catalyst Reuse

The photocatalysts were reused up to three times (in other words: three cycles). Each
experiment was carried out under the following conditions: catalyst dosage of 0.5 geat'L 71,
initial pH of the phenolic solution = 3.0-3.5, and three amounts of platinum (100, 500, and
1000 pL). The reaction time in the dark was 20 min, followed by 5 h under UV light. After
each test, the samples were centrifuged, washed with clean (deionized) water three times,
centrifuged, and finally dried at 130 °C. Platinum was added only in the first cycle.

3.3.5. Comparison with Other Studies

One of the highlights of this paper is the treatment of effluent with high salinity, as
there are few works in the area of heterogeneous photocatalysis for this application due to
the difficulty caused by the high concentration of ions present in seawater. For comparative
purposes, Table 3 shows the data reported in other works regarding the removal of phenol
in the sea or distilled water, using different catalysts. According to this table, our material
is competitive.

Table 3. Comparative data on phenol removal reported in other works.

Phenol Phenol Initial Catalyst Degradation Tim
Removal  Concentration Application Catalyst Concentration egra ?h)o ¢ Reference
(%) (mg/L) (g/L)
(NaNbO3 /NaNb308)/ .
65 40 Seawater NiO + 3.2% Pt 0.5 5 This paper
60 50 Seawater 1/TiO, 0.5 3 Deng et al. [65]
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Table 3. Cont.

Phenol
Removal

(%)

Phenol Initial
Concentration

(mg/L)

Catalyst
Concentration

(g/L)

Degradation Time

) Reference

Application Catalyst

50 25

La3*-doped

Red-GO-TiO, 05 >

Seawater Wang et al. [66]

98 200

25 * Hybrid process
* 24 h activated
sludge + 1h
Photocatalysis

i L'A t al.
Seawater TiO, P25 05 m[zl;]r eta

76 15

distilled

0.2 2
water

Ag TiO, Scott et al. [68]

References

4. Conclusions

This research reports a simple method to obtain a heterostructure material composed
of niobates, according to the XRD, this material is composed of NaNbO3/NaNb;Og/NiO.

The resultant material has a band gap energy equal to 3.12 eV and a surface area of
5.030 m?/g, similar to other materials usually used in heterogeneous photocatalysis.

The addition of a small amount of Pt on the heterostructure produced a photocatalyst
with very good photocatalytic activity. This photocatalyst proved to be useful for the treat-
ment of water-containing phenol with high salinity (seawater). The NiNb/Pt photocatalyst
removed up to 65% of phenol in seawater in 5 h of reaction. This material can be applied in
photocatalysis in a wide range of pH 1.00-8.5, and it can be reused several times.

The mechanism of photodegradation of phenol in seawater over the photocatalyst
occurs preferentially by the generation of superoxide and hydroxyl radicals.

This research contributes to the development of new techniques for the treatment of
saline effluents, as well as to the application of new materials based on niobium.
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