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Non-pure primary Vanadyl petroporphyrins extracted from oil, i.e., PVP(Oil), have been impregnated on SBA-15
or on SiOy. For comparison, synthetic vanadyl octaethylporphine, VP(S), was also impregnated on the same
siliceous materials. The characterization result of unsupported porphyrins and the catalysts, by FTIR and DR-
UV-vis, confirm the successful incorporation of the corresponding vanadyl porphyrins. Electrochemical and
photoelectrochemical properties of these catalysts have been evaluated through Electrochemical Impedance
Spectroscopy (EIS), Mott-Schottky (MS) and voltammetry tests. According to the results, primary vanadyl
porphyrin extracted from oil, PVP(Oil), show better photoelectrochemical response, regardless of the support
used (either SiOy or SBA15), than synthetic ones, VP(S). Additionally, this study reveals that PVP(Oil) can be
used as photoelectrocatalysts for methyl red (MR) degradation (a common organic dye), showing almost a
complete degradation of (MR) using PVP(Oil)-SBA15 catalyst after 3 h. Interestingly, an increase of more than
25% in the kinetic constant for the photoelectrochemical degradation of MR is shown for the PVP(Oil) in

comparison to the VP(S).

1. Introduction

Metalloporphyrins, in which the porphyrins act as multifaceted li-
gands coordinating metals (providing rigid and stable coordination en-
vironments of metals), show particular physicochemical characteristics
and their application is due, in part, to the tunable activity, chemical
inertness, and structural stability [1-4]. This is the case of their use in
biomedical applications, solar cells, nanowires/nanomotors or energy
storage [1-4], but also as catalysts and photocatalysts [1,5-13], some of
them supported/encapsulated [13-17], or incorporated into MOFs
[18-22].

V-porphyrins based catalysts have been also proposed as effective
catalysts in oxidation, epoxidation, deoxygenation or hydrogenation
reactions [23-27], some of them with electrocatalytic performance
[28]. However, so far, such studies have been carried out with materials

* Corresponding authors.

with synthetic porphyrins [29].

Vanadium is usually the most abundant trace metal in crude oils.
According to the U.S. Geological Survey, bitumens, heavy oils, and
medium and light crude oils contain averages of 340, 180, 33 and 8 ppm
of vanadium [30]. In these cases, it is commonly present in porphyrin
structures as the vanadyl ion (vo?h forming coordination complexes (i.
e., vanadyl porphyrins) [31]. These trace metals in crude oils have a
negative effect on the refining process and reduce the value due to
processing needed. Accordingly, there is a need of removing the metals
from the porphyrins and/or performing an extraction to eliminate the
V-containing porphyrins. Thus, in the latter case, it is of paramount
importance to look for new applications for the Vanadyl petroporphyr-
ins, especially taking into account the possibility of obtaining these
compounds by extraction [29-39]. Typically, vanadyl porphyrins com-
pounds usually found in crude oil include etioporphyrin (ETIO) and
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deoxophyllerithro-etioporphyrins (DPED), although other, such as pro-
toporphyrins (RHODO) or benzoetioporphyrins (Benzo), can be also
observed [32].

Vanadyl porphyrins present interesting electrical properties [28,
40-44], so vanadium-containing petroporphyrins could be of interest for
use as catalysts in electrochemical and/or photoelectrochemical
reactions.

Herein, we report a new approach on the use of vanadyl-containing
petroporphyrins. In this way, different catalysts have been prepared
based on V-containing petroporphyrins, extracted from oils of the North
Buzachi region, which were deposited on SiO» or encapsulated into
mesoporous SBA-15. For comparative purposes, catalysts based on
synthetic octaethylporphyrin vanadium (IV) oxide, VP(S), deposited in
silica or encapsulated in the mesoporous silica material, have been also
prepared. The catalysts were characterized by several physico-chemical
techniques, including electrochemical techniques, and tested in photo-
electrochemical applications.

2. Experimental
2.1. Materials

Vanadyl octaethylporphine (2,3,7,8,12,13,17,18-Octaethyl-
21H,23H-porphine vanadium(IV) oxide, named as VP(S)), C3gH44N4O0V,
was purchased from Aldrich. Pluronic (P123, Sigma Aldrich), hydro-
chloric acid (HCl, 37%; Fisher Chemical), butanol (Sigma Aldrich) and
tetraethyl orthosilicate (TEOS, Sigma Aldrich) were used in the synthesis
of mesoporous materials. SiO; nanopowder (surface area of 225 m? g‘l,
from (Aldrich).

Primary vanadylporphyrin concentrate from oils of the North
Buzachi region were extracted at 20°C using N,N-dimethylformamide
(DMF) [37], see also supporting information. This will be named as
PVP(Oil). As a reference, R(0il) sample corresponds to a fraction ob-
tained during the extraction of vanadyl complexes in which no vanadyl
compound was observed.

Mesoporous materials, SBA-15 structure, were synthesized according
to a procedure previously reported [45]. The solid formed was filtered
and washed with 2L of deionized water, drying it at 60 °C for 12 hours
and finally calcined (at 550 °C for 4 hours, 1.5 °C min’! ramp) in order to
eliminate the remaining organic template.

2.2. Preparation of porphyrins-containing siliceous materials

V-porphyrins (either VP(S) or PVP(Oil)) have been deposited on two
different siliceous materials (silica or SBA-15) through an impregnation
method. PVP(0il) or VP(S) were stirred for 6 h at 65 °C in a methanolic
media (Methanol/PVP(0il) or methanol/VP(S) mass. ratio of 100) in
the presence of the support (silica or SBA-15) and then rotaevaporated in
vacuum at 65 °C until a slightly humid solid was obtained. These mix-
tures were dried overnight in an oven at 60°C. The samples supported on
SBA-15 will be named as PVP(Oil)-SBA15 or VP(S)-SBA15, respectively,
with a porphyrin or primary porphyrin content of ca. 10 wt%. The
samples supported on amorphous silica will be named as PVP(0il)-SiO,
or VP(S)-SiOy, respectively, also with a porphyrin or primary porphyrin
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content of ca. 10 wt%. The characteristics of porphyrin-containing sili-
ceous materials are shown in Table 1.

2.3. Characterization of catalysts and supports

The specific surface area of catalysts and supports have been deter-
mined by BET method from N adsorption isotherms at -196 °C
measured in a Micromeritics TriStar 3000 instrument.

IR spectra were measured with a Nicolet 205xB spectrophotometer
(at a spectral resolution of 1 cm! and 128 accumulations per scan) in the
450-4000 cm™ region. Dried catalysts (ca. 20 mg) were mixed with
100 mg of dry KBr and pressed into a disk (600 kg cm~2). In the case of
unsupported vanadyl porphyrins, they were analyzed using samples
diluted in CHCls.

Diffuse Reflectance UV-vis (DR-UV-vis) spectra were recorded
within the 200-800 nm range using a Varian spectrometer model Cary
5000. In the case of unsupported vanadyl porphyrins, they were
analyzed using samples diluted in CHyCly.

EPR spectra were obtained at -170°C using an EMX-12 Bruker spec-
trometer and working at the X band, with a frequency modulation of
100 kHz and 1 G amplitude.

2.4. Electrochemical measurements

Electrochemical and photoelectrochemical properties of porphyrin
samples have been extensively studied through different techniques:
electrochemical impedance spectroscopy (EIS) measurements, Mott-
Schottky (MS) analysis and cyclic voltammetries and linear voltamme-
try applying dark-light pulses. The experiments were carried out in a
three-electrode configuration cell using a 0.1 M NaySO4 aqueous solu-
tion as electrolyte, except for the cyclic voltammetries, where the elec-
trolyte was 10 mM Fe(CN)gK4 + 0.1 M NaySO4. The working electrode
consisted of the VP catalyst deposited on a conductive FTO (fluorine-
doped tin oxide) with an exposed surface area to the electrolyte of
0.5 cm? An Ag/AgCl (3 M KC) electrode was used as reference and a
platinum wire as counter electrode. A potentiostat (Palmsens 4) was
used to conduct the tests. For the photoelectrochemical tests, a laser
with a wavelength of 365 nm and a power of 100 mW-cm2 was used.

EIS experiments were carried out at 0.3V (vs. Ag/AgCl) over a fre-
quency range from 100 kHz to 10 mHz with a signal amplitude of 0.01 V.
Mott-Schottky analyses were carried out at a frequency value of 5 kHz by
sweeping the potential from 0.5 to —0.5V, with an amplitude signal of
0.01 V. Cyclic voltammetries were performed from -0.1V to 0.6V at
10mvs

Photocurrent density as a function of the applied potential was
registered by chopped light radiation (60 s dark/20 s light) with a po-
tential scan from 0.24V to 1.02'V.

Vanadyl porphyrins were used as catalysts in the photo-
electrochemical degradation of methyl red (MR) dye using sulfuric acid
0.1 M as supporting electrolyte. A glass cell with a quartz window and
three electrodes immersed in the dye solution was used to perform the
photoelectrodegradation. The VPs were used as working electrode (with
an exposed area of 2.85 cm?), a platinum tip as counter electrode and an
Ag/AgCl electrode as reference. Experiments were carried out applying

Table 1

Characteristics of catalysts.
Catalyst Origin of Porphyrin Spr (m? g1)? Amount of V** by EPR R; (kQ-cm?)” ia (A cm2)°
PVP(0iD)-SiO, Extracted from Oil 234 0.16 0.57 582.5
PVP(0il)-SBA15 Extracted from Oil 700 0.15 22.05 534.9
VP(S)-SiO, Synthetic 337 1.15 17.29 537.9
VP(S)-SBA15 Synthetic 710 1.21 0.94 657.6

# Surface area determined from N, adsorption isotherms;

b Values of the interfacial charge-transfer resistance (R1) for the different porphyrin catalysts;
¢ Anodic current density values for the different porphyrin catalysts obtained from voltametric curves.
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1 Vag/agc1 With a potentiostat (Palmsens 4) illuminating the sample with
an UV lamp (wavelength of 365 nm).

Dye degradation was monitored at 30 min at first and then, every
hour for 3 h using a quartz cell in a spectrophotometer (Cecil CE 1011) at
a wavelength of 517 nm.

3. Results and discussion
3.1. Characterization of the catalysts

The catalysts supported on SiO5 or SBA-15 have been characterized
by several techniques and the results are summarized in Table 1. We
must indicate that the vanadyl porphyrins deposited over mesoporous
materials show XRD patterns at low angles similar to that observed in
the porphyrin-free material (Fig. S1, supporting information). On the
other hand, the XRD patterns of materials deposited on SiO2 do not
present representative lines of the corresponding porphyrins indicating
that they are highly dispersed. This is in agreement with previous results
in which samples with porphyrins content lower than 10 wt% cannot be
studied by this technique [28].

Fig. 1 shows the IR spectra of primary vanadyl porphyrin concentrate
directly extracted from oil with N,N-dimethylformamide (DMA), i.e.,
PVP(Oil) sample (Fig. 1, spectrum a). For comparison, it has been also
included the IR spectra of synthetic porphyrin, i.e., VP(S) sample (Fig. 1,
spectrum b), whereas the IR spectra of the reference R(Oil) sample is
presented in Fig. S2A.

In the case of unsupported PVP(Oil) sample, it can be seen the
presence of characteristics C-H groups, with bands at ca. 2956, 2927,
and 2856 cm™ (with a shoulder at 2868 cm'l), in addition to those at
1443,1372, and 705 cm™* [29,35,46], which are related to asymmetrical
CHjy, symmetrical CHy and CH3 asymmetric stretching, respectively.
Furthermore, other IR bands at 1724, 1602 1450, 1372, 1281, 1263,
1120, 1071, 1025, 1017 and 854 cm™! are also observed in the vanadyl
porphyrin complexes extracted from oil. Small differences have been

2973

Absorbance / a.u.

2400 2000 1600 1200 800
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3200 2800

Fig. 1. IR spectra of vanadyl porphyrin complexes directly extracted from oil,
PVP(0il) (a); and the synthetic porphyrin, VP(S) (b).
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observed for the unsupported R(Oil) sample (Fig. S2A), especially the
absence of band at 1724, 1281, 1263, 1120, 1071, 1025, 1017 and a
different intensity of bands at 2865 and 2856.

On the other hand, the IR spectrum of the synthetic V-porphyrin, VP
(S) sample, presents bands at ca. 2967, 2930 and 2868 em’! (with a
shoulder at 2856 crn'l), in addition to those at 1690, 1658, 1630, 1462,
1442,1623,1150, 1055, 1017, 981, 956 and 847 (Fig. 1, spectrum b). The
intensity of the bands in the 3000-2800 interval is similar to those re-
ported previously for octaethylporphyrins-containing materials [43,47].

We must indicate that the intensities of the three bands and the
shoulder in the 2800-3000 cm™ region change from PVP(Oil) sample
(with the following trend: Izg27 > Ingse > Iagse > Iages), as reported
previously [29,35], or R(0il) (with the following trend: Iogo7 > Iags6 >
Izg68 > I2gs6) to VP(S) sample (with the following trend: Ingys > Ing3s >
Ioges > Iogse) [43,47]. Accordingly, the presence of these porphyrins in
supported materials cannot be easily observed by comparing only the
intensity of bands in the 3000-2850 cm™ range.

In the case of supported V-free material (Fig. 2, and Fig. S2B), it can
be also observed the same trend in the intensity of the four bands in the
3000-2850 cm™* range that those observed for the corresponding un-
supported materials.

Fig. 3 shows the DR-UV-vis spectra of unsupported vanadyl por-
phyrins, i.e., PVP(Oil) sample (Fig. 3, spectrum a) and VP(S) sample
(Fig. 3, spectrum b). For comparison, it has been also presented DR-
UV-vis spectrum of the reference V-free material, i.e., R(Oil) (Fig. S3A,
in supporting information). The samples were diluted in CHyCly, as
suggested by other authors [32,38,39,46,48-51].

The presence of the Soret band at ca. 408 nm indicates that both PVP
(0il) and VP(S) samples contain Vanadyl porphyrin complexes [38,39,
46,51], whereas no vanadyl porphyrin is present in the R(Oil) sample
(Fig. S3A). In addition, the important absorption in the short-wave part
of the spectrum for the PVP(Oil) and R(Oil) samples corresponds to
non-porphyrin impurities [38,39,46,511, given that vanadyl porphyrins
have a very low absorption in the UV region. Accordingly, PVP(Oil)
sample present vanadyl porphyrin complexes in addition to impurities,
whereas R(Oil) samples represent a V-free material with similar impu-
rities than that in PVP(Qil) sample (as observed also by IR).

In the case of V-containing materials, it can be elucidated the pres-
ence of three bands at 407, 535, and 570 nm (Fig. 3, spectrum a) and at
408, 532, 571 nm (Fig. 3, spectrum b), which are also observed in other
V-porphyrins when diluted in dichloromethane or in tetrahydrofuran
[32,46-50].

In fact, the band at ca. 407 nm correspond to the Soret band, while
the bands at ca 530 and 570 nm can be assigned to - and a-bands,
respectively [38,39,46,47-53]. In this way, it has been proposed that the
Soret band varies from 406, 407, 410 and 414 when comparing vanadyl
derivates of etioporphyrin, octaethylporphyrin, deoxophylloerythro-
etioporphyrin or benzoetioporphyrin, respectively; whereas the $- and
a-bands vary from 532 to 544 and 570-578, respectively [32,34-39,46,
47-53]. However, changes in Soret and Q bands can be induced by
perturbation of the electronic structures, such as protonation, metal
chelation, and substituents [34,36]. We must indicate that the intensity
of bands related to the o- (Isyo) and B-bands (Is3p) change depending on
the nature of porphyrin. Thus, the Isy¢/Is3o ratio in VP(S) sample is
higher than that observed in PVP(Oil) sample.

Fig. 4 and Fig. S3 (in supporting information) shows the DR-UV-vis
spectra of catalysts. In all cases, it can be observed the presence of bands
at 400, 530 and 570 nm, suggesting no changes when the vanadyl
porphyrins were deposited on siliceous materials. In addition, and as
observed for unsupported porphyrins, the intensity of the bands related
to the a- (Is7o) and B-bands (Is3p) changes, being the Isy(/Is30 ratio on VP
(S)-containing catalysts (Fig. 4, spectra ¢ and d) higher than those
observed in PVP(Oil)-containing catalysts (Fig. 4, spectra a and b).

We must indicate that, in the case of the sample R(Oil) supported on
SBA-15, (i.e., R(Oil)/SBA15) no bands in the 400-600 range have been
observed (Fig. S4). Accordingly, no vanadium is present in this material,
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Fig. 2. IR spectra of vanadylporphyrin complexes deposited on siliceous materials: a) PVP(Oil)-SiO4; b) PVP(Oil)-SBA15; c) VP(S)-SiOy; d) VP(S)-SBA15.

X-band spectra of supported V-porphyrin catalyst are comparatively
shown in Fig. 5, whereas the quantification of V(IV) by EPR is also
presented in Table 1. For comparison, the EPR spectrum of V-free extract
from oil has been also included (Fig. 5, spectrum e).

As one can see in Fig. 5, the hyperfine patterns corresponding to
parallel and perpendicular orientations of the complex relative to the
magnetic field largely overlap at X-band EPR. All of them present typical
EPR spectra with neatly resolved >V hyperfine lines at 120 K, consisting
of eight broad lines separated by about (175 gauss) that can be ascribed
to the 8-line hyperfine structure from the 51V (I = 7/2) nucleus
[54-56]. However, significant differences are observed between VP
(S)-containing samples (Fig. 5, spectra a and b) and PVP
(Oil)-containing samples (Fig. 5, spectra ¢ and d). In this way, the EPR
spectra of VP(S)-containing samples present spectra with a higher
bandwidth than those observed for PVP(Oil)-containing samples.
Similar results have been previously observed [54], in which in solid
with low dispersion, as occurs in VP(S)-containing samples, the spin
concentration is high and hence the lines are broadened by the exchange
interaction between the spins. In addition, VP(S)-containing samples
present g and gl value of 1.962 and 1.977, respectively, with A| and AL
values of 173.2 gauss and 57.3 gauss, respectively. However, PVP
(Oil)-containing samples present). Fig. 4b shows a detailed spectrum
of sample 20VP@SBA, with g and gl value of 1.960 and 1.970,
respectively, with A| and AL values of 166.0 gauss and 56.0 gauss,
respectively.

In this way, the EPR results of a VP(S)-SBA15 sample, with a VP
content of ca. 1.5 wt% (and a VO?* content of ca. 0.35) (Figure S5),
present a hyperfine signal similar to that observed for PVP(Oil)-
containing samples. However, two type of signal can be deduced,
which correspond with those observed in both VP(S) and PVP(Oil)-
containing samples.

On the other hand, V-free extract from oil (Fig. 5, spectrum e), does
not indicate the presence of vanadyl species. However, the presence of
organic free radical as minority cannot be ruled out [54].

3.2. Electrochemical and photoelectrochemical properties

Electrochemical and photoelectrochemical properties of porphyrin
samples have been extensively studied through different techniques:

EIS, MS analysis, cyclic voltammetry and linear voltammetry applying
dark-light pulses.

Fig. 6 shows the EIS results in the form of Nyquist (Fig. 6A) and Bode-
module (Fig. 6B) plots, while the corresponding Bode-phase plots are
presented in Fig. S6A. For comparison, the electrochemical character-
istics of V-free extract from oil supported on SBA-15 (R(Oil)-SBA) have
been also presented in Fig. S7.

In Nyquist plots (Fig. 6A), two incomplete semicircles can be
observed for all the samples, the amplitude of the first one (at inter-
mediate frequencies) being lower than that of the second one (at low
frequencies). Comparing the response of the different catalysts, it can be
seen that the synthetic VP(S)-SiO, sample presented the lowest imped-
ance values, followed by the samples supported in SBA15 (i.e., VP(S)-
SBA15 and PVP(Oil)-SBA15) and, finally, the sample PVP(Oil)-SiO,,
whose last semicircle was the largest. We must inform that observing
Bode-phase plots (Fig. S2), two phase angle peaks are discerned for all
the catalysts, which is consistent with the two semicircles observed in
Nyquist plots at intermediate and low frequencies.

On the other hand, from Bode-module plots (Fig. 6B), the total
resistance of the system (R7) can be estimated at the lowest frequency
value. In this case, the trend of the total resistance of the system in-
creases as follow: VP(S)-SiO, < PVP(Qil)-SBA15 < VP(S)-SBA15 < PVP
(Qil)-SiOy). A similar trend has been also observed when comparing the
Nyquist plots.

To obtain the resistance of the different elements of the electro-
chemical system formed at the interface between supported porphyrins
and the electrolyte, EIS results have been fitted to an electric equivalent
circuit (Fig. S6-B; supporting information), formed by two R-CPE ele-
ments associated in series, together with a previous resistance (Rg),
related to the electrolyte. In this circuit, subscript “1” refers to the
electrical behavior of porphyrins while subscript “2” indicates the
properties of the underneath support (SiO3 or SBA). For the purposes of
this study, the most interesting resistance is that related to the charge-
transfer processes taking place at the porphyrin/electrolyte interface
(Rj), since porphyrins are the active materials. Values of these re-
sistances are shown in Table 1. In this case, catalysts with the lowest R;
value are the PVP(Qil)-SiO5 and the VP(S)-SBA15, with similar values.
The other two catalysts (i.e., VP(S)-SiO, and PVP(Oil)-SBA15) presented
much higher R; values. We want to indicate that the V-free extract from
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Fig. 3. DR-UV-vis spectra of unsupported porphyrins: a) VP(S) sample; b) PVP
(0il) sample; ¢) R(Oil) sample. The samples were diluted in CH2Cl, (ca. 2 mg of
porphyrinic precursor in 20 mL of CHyCly).

oil supported on SBA-15 (R(Qil)-SBA) presents the highest charge
transfer resistance (Fig. S7).

To investigate the semiconducting properties of the porphyrin-based
catalysts, Mott-Schottky plots have been plotted and presented in
Fig. 7A. For comparison the electrochemical results of V-free extract
from oil (R(Oil)-SBA) has been also presented in Fig. S7-C.

All the samples exhibit n-type semiconducting behavior, since linear
regions with positives slopes are obtained in all cases. It can be seen that
higher slopes were obtained for real petroleum-extracted porphyrins,
indicating lower density of defects (donor species), according to Mott-
Schottky equation:

1 1 2
- E—Em— —
¢ + &£0eNp ( B e )

being C is the capacitance at the interface, Cy is the capacitance of the
Helmholtz layer, ¢, is the dielectric constant of the sample, ¢y is the
vacuum permittivity (8.85~10'14 F/cm), e is the elementary (electron)
charge (1.60-10'"° C), Np is the density of defects (donor species for n-
type semiconductors), E is the applied potential, Egp is the flat-band
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potential, k is the Boltzmann constant (1.38-102% J/K) and T is abso-
lute temperature. Therefore, the higher slopes for the real porphyrins
indicate lower Np values and, hence, a lower degree of defectiveness
within their structures. The presence of defects, which are located be-
tween the valence and the conduction band, might act as carrier traps
(trapping electrons or holes) and then, the efficiency of the catalyst in
the photoelectrochemical application is reduced.

Cyclic voltammetries of the samples were performed in order to
investigate electrochemical behavior of porphyrin-based catalysts in
terms of kinetics, since anodic and cathodic current densities are directly
associated with the rate of charge-transfer processes. The results are
presented in Fig. 7B. In general, it can be seen two clear peaks; one
anodic (oxidation) centered at approximately 0.3-0.35 V, and another
cathodic (reduction) centered at c.a. 0.15 V. In order to use these cata-
lysts as (photo)anodes, anodic current densities (i4) are the important
ones. Therefore, these values are presented in Table 1. According to
these data, samples with the highest iy values (VP(S)-SBA15 and VP
(Qil)-SiOy) are the samples whose interfacial charge-transfer resistance
R; was the lowest (see Table 1), which is consistent, since lower charge-
transfer resistances result in higher current densities.

Photoelectrochemical characterization was also carried out. In this
case, linear voltammetries were recorded applying at the same time
dark-light pulses, to obtain dark current density values and photocurrent
density values. Fig. 8 shows the corresponding curves, whereas the re-
sults for R(Oil)-SBA sample are presented in Fig. S7-E.

First, catalysts based on synthetic porphyrins (i.e., VP(S)-based ma-
terials) provided significantly lower photocurrent densities (smaller
pulses), while petroleum-extracted porphyrins gave significantly higher
photocurrent density values. In Table 2, values of dark current densities
(igark), photocurrent densities (ijghy) and net current densities obtained as
Ai = g — idark are presented. Again, petroleum extracted catalysts,
unsupported PVP(0il) presented the highest net current density values
(especially the one supported in SBA15), much higher than those for the
synthetic porphyrins, i.e., unsupported VP(S). This behavior may be
related to the lower defectiveness (low density of defects located be-
tween the valence and the conduction band) of natural (petroleum-
extracted) samples, as explained above when describing Mott-Schottky
analysis results. Therefore, in this case, a lower density of defects led
to a better photoelectrocatalytic performance, since these defects could
act as recombination centers of photogenerated electrons and holes,
therefore decreasing the catalysts efficiency [57,58].

3.3. Photoelectrocatalytic degradation of methyl red

It has been also studied the photoelectrocatalytic degradation of
methyl red over porphyrin-based catalysts, by considering the three
different catalytic approaches: photoelectro-, photo- and electro-
catalytic degradation. In this way, the absorbance intensity of methyl
red in 0.1 M H3SO4, which was used as supporting electrolyte, has been
presented in Fig. S8 (supporting information). There, the typical
absorbance peak of methyl red centred at ~517 nm (reference band of
methyl red in acid media) can be clearly observed, which is the
responsible for the red colour of the azo dye [59,60]. Therefore, the
evolution of this absorbance peak was followed with time using the
vanadyl porphyrins as catalysts.

Fig. 9A presents, comparatively, the time evolution of the ratio be-
tween the methyl red absorbance peak (or concentration) at ~517 nm at
a given time (during 3 h) and the initial methyl red absorbance (or
concentration equal to 40 ppm), C/Cy, for the three different catalytic
approaches (photoelectro-, photo- and electrocatalytic) using the pe-
troleum extracted vanadyl porphyrins supported in SBA15 (VP(Oil)-
SBA15), since this sample offered the best photoelectrochemical
response (see Fig. 8).

The decolouration efficiency under those experimental conditions is
shown in Fig. 9B. It can be observed that low values of C/Cy and high
values of decolouration efficiency were achieved with the
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Fig. 5. EPR spectra of catalysts: a) VP(S)-SiO»; b) VP(S)-SBA15; ¢) PVP(Oil)-SiO5; d) PVP(Oil)-SBA15. For comparison, the EPR spectra of V-fee material extract from

oil, R(Oil)-SBA (e), is also included.

photoelectrocatalytic approach after 3 hours, showing degradation ef-
ficiencies higher than 98% in comparison to the photo or the electro
reactions, with decolouration values of 75 or 47%, respectively.
Therefore, the use of the combined photoelectrocatalytic approach with
a petroleum-extracted VP makes possible to perform a rapid discolor-
ation of the solution. This is a very interesting result, since a petroleum-
waste could be reused for an easy and fast removal of a recalcitrant
organic dye, contributing to sustainability and circular economy.

Additional tests were carried with the photoelectrocatalytic system
in order to compare the degradation efficiency of the dye using a syn-
thetic vanadyl porphyrin also supported in SBA15, i.e., VP(S)-SBA15.

Fig. 10A shows the comparison between C/Cy vs. time plots for both
porphyrins (synthetic and petroleum-extracted), where Cy is the initial
methyl red concentration (40 ppm) and C is the methyl red concentra-
tion at time t obtained from absorbance values at 517 nm. It can be
observed that the absorbance peak decreased significantly slower for VP
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Table 2
Dark current densities, photocurrent densities and net current densities obtained
at different potential values for the different porphyrin catalysts.
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<
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Fig. 8. (Photo)current density vs potential curves for the different porphyrin
catalysts, obtained by applying dark-light pulses.

Catalyst Potential idark ilight Ai
(Vag/agc) (nA-cm®) (nA-cm®) (pA-cm’®)
PVP(Oil)-Si02 0.40 0.22 1.74 1.52
0.55 1.16 2.46 1.30
0.70 2.76 3.74 1.35
PVP(Oil)-SBA15 0.40 0.24 1.66 1.42
0.55 0.40 2.22 1.82
0.70 0.92 3.24 2.32
VP(S)-Si02 0.40 0.30 0.78 0.48
0.55 0.54 1.12 0.58
0.70 1.25 2.15 0.90
VP(S)-SBA15 0.40 0.10 0.39 0.29
0.55 0.10 0.50 0.40
0.70 0.25 0.85 0.60

(S)-SBA15 catalysts (the synthetic vanadyl porphyrin) than for PVP(Oil)-
SBA15 catalysts (the petroleum-extracted one). According to these re-
sults, degradation was more efficient using the VP(Oil)-SBA15 catalyst.
Degradation efficiency (Fig. 10B) increased from 0% in the case of the
synthetic V-porphyrin-containing material (i.e., VP(S)-SBA15 catalyst)
to 25% for the petroleum-extracted V-Porphyrin (i.e., PVP(Oil)-SBA15
sample) after 30 minutes of photoelectrochemical reaction. After 3 h,
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porphyrins (PVP(Oil)-SBA15) and a synthetic porphyrin (VP(S)-SBA15) based catalysts.

the PVP(Oil)-SBA15 catalyst almost completely degrades the dye with
respect to the 85% dye elimination of the VP(S)-SBA15 catalyst.

We must inform that the supported V-free residue, (R(Oil)-SBA),
presents much lower degradation efficiency respect to the correspond-
ing supported primary VP concentrate (PVP(Oil)-SBA), confirming the
main role of the vanadyl species in V-porphyrin for this degradation
reaction (Fig. S9).

It is important to point out that when considering the variation of the
In (C/Cp) with the reaction time for both VP(S)-SBA15 and VP(Oil)-
SBA15 catalysts, and assuming that the photoelectrocatalytic degrada-
tion of methyl red followed a pseudo first order kinetics, it can be
observed that they should correspond to a straight line from whose slope
the pseudo first order kinetic coefficient, k’, can be determined
(Fig. S10). According with these results, it has been presented the kinetic
coefficients together with the R? values. The values of RZ were very close
to unity, validating the pseudo first order kinetics assumption for the
PEC reaction. In addition, it can be concluded that, an increase of more
than 25% in k’ was obtained by using the petroleum-extracted based
catalyst, i.e., k’ of 0.7441 h! and 0.5882 hlfor PVP(0il)-SBA15 and VP
(S)-SBA15 catalysts, respectively.

4. Conclusions

In this study, vanadyl petroporphyrins (VP), extracted from oil (PVP
(0il) material) and synthetic (VP(S) material), supported on SiO5 and

SBA-15 have been evaluated as potential photoelectrocatalysts. The
physico-chemical characterization by FTIR and DR-UV-vis, of the oil
derived extract confirms the incorporation of the corresponding vanadyl
porphyrins. Furthermore, a comprehensive electrochemical and photo-
electrochemical characterization was conducted by EIS, MS and vol-
tammetry tests. From the EIS data, an equivalent circuit was used to
obtain the charge transfer resistance at the porphyrin/electrolyte
interface, showing the lowest result for the PVP(Qil)-SiOy catalyst,
which also presented high anodic current density values in the cyclic
voltammetries. Besides, PVP(Oil)-containing catalysts presented the
highest net current densities in the linear voltammetries under light/
dark conditions. In particular, for the PVP(Oil)-SBA15 that was the
catalyst presenting the lowest number of defects (MS plots), which is an
indicator that defects might act as recombination centres of photo-
generated electron and hole pairs. PVP(0Oil)-SBA15 sample was used as
a photoelectrocatalyst for the degradation of methyl red showing for the
oil extracted (PVP(Qil)-SBA15 catalyst), after 30 min, a degradation
efficiency 25% higher than that obtained by the analogous sample based
on the synthetic porphyrin (VP(S)-SBA15). Moreover, after 3 h, the PVP
(Oil)-SBA15 catalyst could almost completely remove the MR dye, with
respect to the 85% of degradation efficiency of the VP(S)-SBA15. Ac-
cording to this, the kinetic constant for PEC-MR-degradation increased
more than 25% for the PVP(Oil)-containing catalyst compared to the VP
(S)-containing material, both supported in SBA15.
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