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In this work, photoelectrochemical route for biodiesel production using an electrochemical cell configured with
platinum and a-Fe;O3 modified with Pt nanoparticles as electrodes was investigated. XRD patterns registered for
film prepared by modified hydrothermal method revealed a trigonal structure of the hematite (a-FexO3) phase.
The a-FeyO3 film surface was decorated by metallic Pt nanoparticles (Pt"F) in order to reduce the charge
recombination and improve the photocatalytic efficiency. The band gap energy (Egg) of the a-Fey03 and PNt/
o-Fey03 films was estimated by UV-Vis spectroscopy at approximately 2.1 eV. Electrochemical measurements
showed that the oxide is an n-type semiconductor adequate to be used as a photoanode in biodiesel synthesis.
Under polarization conditions, the electrochemical cell changed the pH from 7 to 14 when the system was
polarized at 5.0 V. In the synthesis of biodiesel by esterification reaction, oleic acid, 300 pL of 0.1 mol L™
aqueous KCI solution and methanol were used as precursor reagents. The reaction was carried out free of strong
base, such as KOH or NaOH, as a supporting electrolyte. In this route, the reduction of the water molecule
occurred on the cathode, with the formation of hydroxyl (OH’) species, methoxy, and consequently fatty acid
methyl esters (FAMEs). Thermogravimetric analysis (TGA) and Gas chromatography coupled to mass spec-
trometry (CG-MS) were performed to evaluate the catalysis products. GC-MS analyzes show that the reaction has
a yield of about 7 % with the formation of FAMEs, such as methyl 9-octadecenoate, methyl hexadecanoate and
methyl hexadecanoate.

most used are transesterification and esterification. In trans-
esterification, the biodiesel is obtained by a catalytic reaction between

1. Introduction

The gradual reduction of oil reserves associated with its dependence
as the main fuel source has motivated studies to discover alternative
energy sources. Diesel is still one of the most used fuels in combustion
engines. In this context, research has been carried out in recent decades
to find alternative energy sources capable of reducing our dependence
on oil and its derivatives [1,2]. In this context, biodiesel, which can be
obtained from renewable precursor sources such as oils, fats, and alcohol
(ethanol), has emerged as a more suitable candidate [3]. Therefore, it
becomes an ecological, biodegradable fuel and, compared to diesel, has
a favorable carbon balance for reducing greenhouse gases [4,5].

Biodiesel can be obtained by microemulsions, thermal cracking,
transesterification, and esterification methods [6-8]. Among them, the

triglycerides and a short-chain alcohol; while in esterification the re-
action is between a fatty acid and an alcohol. Both processes can be
carried out by homogeneous or heterogeneous catalysis, although
alkaline homogeneous catalysis is the most used on the industrial scale
[9,10]. This biodiesel synthesis method can promote soap formation,
decreasing the biodiesel production reaction efficiency and making it
difficult to separate the biofuel from the glycerol, a transesterification
reaction byproduct.

In 2009 Guan et al.[11]. presented a pioneering study on the prep-
aration of biodiesel by electrolysis methodology. In that study, the au-
thors presented the electrochemical route as an alternative to avoid the
saponification reaction during the oil conversion into biodiesel. In
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general, through the electrochemical route, the esterification or trans-
esterification reaction is initiated with OH" species formed on the
cathode from the electrolysis of water in the reaction system. The water
reduction on the cathode electrode must occur as presented in Eq. 1:

2H,0+2e’—»Hy+20H" (€D)]

In addition to water molecules, in the biodiesel electrochemical
synthesis, the reaction system is usually composed of alcohol, oil, or
fatty, co-solvent to improve the reactant miscibility, and salt as a sup-
porting electrolyte. The supporting electrolyte has the function of
improving conductivity and reducing the Ohmic potential of the reac-
tion medium [12]. Some studies have used strong bases such as NaOH or
KOH as supporting electrolytes, probably because the reaction presented
in Eq. 1 is favored for alkaline media [11,13-15].

The electrochemical method for biodiesel synthesis can be consid-
ered a clean route and capable of avoiding the saponification reaction.
Furthermore, as the electrodes are responsible for the OH" species for-
mation, biodiesel washing after the synthesis stage to catalyst removal
from the rational system is unnecessary. If the reaction is esterification,
the product formed will also be free of glycerol formed during the
transesterification reaction [16].

Previous studies developed by our research group showed that oxy-
gen evolution reactions (OER) occurred at relatively low potentials on
hematite (a-Fe3O3) electrodes [17]. This property suggests that hematite
crystals favor the dissociation of H,0O molecules and, therefore, may be
suitable as photoelectrode for the preparation of biodiesel via the elec-
trochemical route. In addition, previous studies show that platinum
nanoparticles (Pt") on the electrodes act as co-catalysts, favoring
photocatalytic reactions [18,19]. a-FeyO3 is a semiconductor oxide that
has properties that allow its use in solar energy conversion [20,21]. Due
to its good electrochemical stability in alkaline aqueous solution and
short gap band gap energy (2.0-2.2 eV), hematite has been widely used
as a photoanode in many photocatalytic processes [22]. This material is
abundant in the earth’s crust and can absorb visible light regions.
However, a-FeyO3 displays some disadvantages, such as low-speed sur-
face reactions, small diffusion coefficient of photoexcited electrons, and
charge recombination due to defects present in its crystalline structure
[20,22]. These disadvantages can be overcome or minimized using
metallic nanoparticles anchored on the oxide surface, which act as
co-catalysts. Among nanoparticles investigated, platinum (Pt"") stands
out [23,24].

There are reports of biodiesel preparation using semiconductor ox-
ides as a catalyst material, which act as heterogeneous acid or alkaline
catalysts, depending on their composition. For example, Safaripour,
et al. [25]. synthesized biodiesel using a magnetic graphene oxide
decorated with titanium oxide and silver nanoparticles. In this study, it
was demonstrated that the nanoparticles improve the catalytic capacity
of the heterogeneous catalyst. Also, Guo et al.[26]. prepared biodiesel
from water cooking oil by photocatalytic method on CuO/ZnO nano-
particles. In both works, semiconductor oxides were used as catalysts
dispersed in the reaction medium.

The additional concentration of OH™ due to the presence of strong
base and co-solvent in the reaction system should favor the trans-
esterification reaction for biodiesel synthesis via electrochemical route.
However, these additional reagents can make the process less environ-
mentally friendly and more expensive. Based on that, this study aims to
investigate biodiesel synthesis by photoelectrocatalysis using hematite
film (a-Fe;O3) modified with platinum nanoparticles as photoelectrodes.
The preparation of biodiesel from the esterification of oleic acid was
carried out using an electrochemical cell without co-solvent and any
alkaline compound, such as KOH or NaOH. Furthermore, the a-Fe;O3
film was characterized structurally, optically, morphologically and
photoelectrochemically.
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2. Experimental
2.1. Preparation and modification of a-Fe;03 films with Pt° nanoparticles

a-FeyO3 film was prepared based on the purpose-built materials
(PBM) method, according to the condition described previously by our
research group [17]. Initially, a conductive transparent substrate formed
by Fluorine doped tin oxide (FTO) layered on glass (FTO-glass) was cut
into dimensions of 1.0x4.5 cm?. The FTO-glass substrates were previ-
ously washed before the film deposition, employing an ultrasound sys-
tem in three consecutive steps. In these steps, neutral soap, deionized
water and isopropyl alcohol were used, consecutively.

The hematite films were synthesized from 20 mL of a 0.15 mol L™?
solution of iron(IIl) chloride hexahydrate and 20 mL of 0.076 mol Lt
sodium sulfate, which were placed in a glass autoclave, adapted with the
support of Teflon, as presented in Fig. 1. Then the FTO-glass was
partially immersed into the iron oxide precursor solution.

To prepare a-FeyOs3 film by the PBM method, the autoclave was
placed in an oven and heated at a temperature of 120°C for 1 h in order
to promote a formation process of a compound named iron(III) oxide
hydroxide (8-FeOOH) directly under the FTO-glass substrate. During the
reaction, a yellow-brown substance film was obtained. After that, the
films were washed in deionized water using ultrasound for 5 min. The
samples were dried at room temperature and subjected to thermal
treatment at 500 °C for 2 h, in a muffle furnace in an oxidizing atmo-
sphere. The thermal treatment changed the color of the sample for a red-
brown film, characteristic of the hematite phase (a-Fe203), the process
described is represented by Fig. 1.

The surface modification of o-FepO3 films with platinum @Y
nanoparticles (NPs) was performed by the photoreduction method, ac-
cording to the methodology previously investigated by our research
group|[19]. In this method, Pt"PS were obtained from 1.0 x10 3 mol L !
aqueous solutions of hexachloroplatinic acid hexahydrate
(HyPtClg.6 Ho0). The a-Fey03 films were immersed in Pt precursor so-
lutions in a 10 mL beaker for 10 s. After that, the films were placed in a
closed box configured with three lamps (STAR LUX, 20 W), at approx-
imately 40 cm from the irradiation source. The films were left under UV
irradiation for 5 min. Then, the films were washed with deionized water
to remove excess unreduced platinum. Fig. 1 presents a complete
scheme of the synthesis and surface modification process of the hematite
film.

2.2. Structural, optical, and morphological characterization of the films

X-ray diffraction (XRD) patterns of the films were obtained using a
Shimadzu Lab XRD-6000 model diffractometer operating with CuKa
radiation (A = 0.15406 nm) at 40 kV and 30 mA, 20 diffraction incident
angle ranging from 10° to 70°, angle range of 0.02° and scanning rate of
1°/min. Diffraction patterns were compared with crystalline informa-
tion data for inorganic compounds obtained from the Inorganic Crystal
Structure Database (ICSD). The optical properties of the films were
investigated by spectroscopy measurements in the visible UV-Vis region
in the transmittance spectrum, using a Shimadzu spectrophotometer
(Model UV-2600) and FTO-glass as a reference. The band gap energies
(Epg) of films were obtained by the Tauc method, from UV-Vis curves
registered in transmittance mode [27,28]. In this method, the Eyg is
obtained from extrapolation of the linear part of the graphs of [ahv]®®
as a function of the incident photon energy (hv), considering the indirect
transition for these materials. A field-emission scanning electron mi-
croscope (FEG-SEM) Quanta FEG 250 was utilized to investigate the film
surface morphology.

2.3. Photoelectrochemical characterization of the films

The photoelectrochemical measurements were carried out using a
three-electrode system, the working electrode being hematite films
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Fig. 1. Scheme of the synthesis of hematite films. In order: Autoclave adapted with Teflon support, film after hydrothermal (p-FeOOH), and film after calcination

(a-Fe,03), respectively.

(geometric area of 1.5 cm?), the counter electrode being a Pt wire and
the reference electrode, Ag/AgCl (3.0 mol L™! KCI) placed in a Luggin
capillary. The photoelectrochemical analyses were carried out in a
Potentiostat/Galvanostat (Autolab PGSTAT 302-N from Metrohm),
controlled by NOVA 1.7 Software. The studies were registered in the
absence of light (condition named dark) and under polychromatic
irradiation with a metallic vapor lamp (Osram HQI-TS EXCELLENCE
NDL-150 W). Linear sweep voltammograms (LSV) were recorded with
the scan rate of 2 mV/s under manual light interruption (0.2 Hz) to

[ 600pLofH,0
i + .
i 300 pL of 0.1 mol L' '

i KCl solution
1

Pt\/Fe,0,

Anodic reaction
2H,0 — O, +4H* + 4e”

Light Source

obtain flat band potential (Eg) using the Burtler-Gartner model [28,29].
Chronoamperometry curves were recorded under dark conditions and
irradiation with a polarized electrode at a constant potential of 0.8 V (vs
Ag/AgCl) with a chopper every 100 s under irradiation.

2.4. Biodiesel synthesis by photoelectrocatalysis

For the synthesis of biodiesel, an electrochemical cell configured
with two electrodes was used, as schematized in Fig. 2. To apply

5 mL of Oleic
acid

DC Power Supply

Cathodic reation
2H,0 +2e-— H, + 20H-

Fig. 2. Schematic representation of electrochemical cell used to produce biodiesel.



W.N. Soares et al.

potential to the electrochemical cell, Longwei DC Power Supply equip-
ment with programmable output of up to 5 A/32 V was used. In the
positive pole of the DC Source was connected the hematite film
(a-Feo03), while in the negative pole was connected a platinum (Pt) foil
with approximately 3.0 cm?. To evaluate the effect of electrode polari-
zation on pH variation in the electrochemical cell, before the oleic acid
addition, a glass electrode of the pH meter was immersed in the biodiesel
precursor solution formed by 35 mL of methanol, 600 pL of deionized
water and 300 uL of 0.1 mol L ™! KCl solution, as supporting electrolyte.
Different potentials were applied, and the pH variation was recorded.
For the synthesis of biodiesel, 5 mL of oleic acid (from Dinamica P.S.)
was placed in a burette and positioned in the electrochemical cell ac-
cording to the scheme shown in Fig. 2. After polarization of the elec-
trodes at 30 V and irradiation with polychromatic light, the acid was

dripped into the reaction system at a speed of 1 mL min~".

2.5. Products analysis

After the electrochemical reaction, the products obtained were
initially investigated by Thermogravimetric analysis (TGA) in a Shi-
madzu Model TGA-50 thermobalance equipment. The TGA curves were
registered using an air atmosphere with a flow of 80 mL/min, a heating
rate of 10 °C/min, with a temperature range from 25 to 600°C. Also,
analysis by gas chromatography coupled to mass spectrometry (GC-MS)
of the reaction product was carried out on a gas chromatograph GCMS-
QP2010 SE Ultra (Shimadzu) coupled to a mass spectrometer, equipped
with an AOC-5000 autosampler and DB capillary column-5MS IU ((5 %-
phenyl)-methylpolysiloxane, 30 m x 0.25 mm x0.25 pm). For analysis, a
1 L aliquot of the sample (0.5 mg mL ! in AcOEt) was injected in split
mode (50:1), an injector temperature of 300°C, and an interface tem-
perature of 310 °C. The oven programming was of initial temperature of
70 °C maintained for 2 min, a heating rate of 6°C min~! to 310 °C, kept
for 20 min. The total analysis time was 62 min. The carrier gas was
helium (99.9999 %; White Martins) with a constant flow of 1 mL min~!
and solvent cutting time of 4 min. The mass spectrometer with quad-
rupole analyzer, ion source temperature of 260°C, electron ionization at
70 eV and mass range of 45-650 Da. The identification was carried out
based on the fragmentation patterns and molecular masses expected for
the usual methyl esters and comparison with software libraries (Wiley
229 and NIST 08).

3. Results and discussion
3.1. Structural, morphological, and optical characterization of the films

To investigate the structure of the sample, the calcined films were
analyzed by X-ray diffraction (XRD) technique. XRD patterns recorded
for FTO-glass substrate, a-Fe,O3 and PtN?/a-Fe;05 samples are shown in
Fig. 3. The registered diffractograms are compared with information
from the Inorganic Crystal Structure Database (ICSD). From Fig. 3 it is
possible to see that both films present intense signals at 26 equal to
26.5° 33.7°, 37.6° 51.5°, 54.5°, 61.5° and 65.5° attributed to the SnO5 of
a glass-FTO conductive substrate (FTO-glass). Other diffraction signals
agree with ICSD Card number #7799. These signals were indexed to the
crystallographic planes (012), (104), (110), (112), (202), (114), (203),
(024), (190) and (030), characteristic of the trigonal structure of
a-Fe,03 phase, with a spatial symmetry group (R3c) [17]. The average
crystallite size (D) for the a-Fe;Os and PtNP/(x—Fe203 samples was
calculated from the Debye-Scherrer equation, as shown in Eq. 3[29].

K
" pCosb

3

where K is the Scherrer constant, which represents the form factor (K =
0.9), A is wavelength used in the analysis (0.154184 nm), § is the Full
width at half maximum (FWHM) of the peak, and 0 is the diffraction
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Fig. 3. XRD pattern of FTO-glass, a-Fe;03_and Pt"*/ a-Fe,0j films thermally
treated at 500°C for 2 h. The vertical lines indicate the positions of the planes
and intensities of the FTO-glass and films.

angle.

The average crystallite size showed results very similar, which were
estimated at 223 and 2145 nm for a-Fe;05 and PtV /a-Fe;05 samples,
respectively. The diffraction signals for the PtNP/a-FeyO3 film did not
show diffraction signals of sufficient intensity to identify the metallic Pt
nanoparticles. However, the expected 2theta values for the diffraction
signals of metallic Pt are identified with an asterisk symbol (*) in Fig. 3,
according to ICSD card number #243678 [18,19].

The porous morphology of the electrodes also directly influences the
catalytic performance of the materials used as films. In this way,
morphological characterization of the films was also carried out using
FEG-SEM. FEG-SEM images with 200k magnification are shown in
Fig. 4. It is possible to observe that both electrodes present a morphology
that resembles nanorods, which corroborates previous studies by our
research group [17]. As can be seen in Fig. 4a-b, Pt"* deposited on he-
matite does not change the shape of the nanorods. From the mapping
using energy-dispersive X-rays (EDS), it is possible to notice the presence
and distribution of the elements that make up the surface of each sam-
ple. Fig. 4c-d shows the distribution of elements for the a-Fe;O3 and
Pt"?/a-Fe,03 samples, respectively. From the EDS analysis, a homoge-
neous distribution of elements in the samples is observed. In addition,
from the FEG-SEM image in Fig. 4b, it is not possible to observe the PtN"s
existence. However, the EDS analysis revealed the presence of Pt with
good distribution in the PtN?/q-Fe,05 sample.

Based on ultraviolet-visible spectroscopy (UV-Vis), it was possible to
optically characterize the prepared films. Fig. 5 shows the transmittance
values as a function of wavelength (\) for each sample. As can be seen in
the UV-Vis curves, there is an abrupt reduction in the transmittance of
both films at A < 600 nm, which is attributed to electron transition from
the valence band (VB) to the conduction band (CB), overcoming the Epg
[30] However, the transmittance is lower for the Pt"'/a-Fe,O5 film,
indicating that the Pt nanoparticles increase radiation absorption.

Based on the data obtained by UV-Vis spectroscopy, it was possible to
estimate the value of the Epg of the films, using the Wood-Tauc method
[27]. The curves inset in Fig. 5 show the Ejg values were approximately
2.1 eV for both samples, indicating that the surface modification with
PP does not change the structure of the material, i.e., there is no ma-
terial doping [18,29].
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Fig. 4. (a-b) FEG-SEM images and (c-d) EDS mapping with element distribution for the a-Fe,03 and Pt"*/a-Fe,05 samples, respectively.

3.2. Photoelectrochemical characterization of the films

Electrochemical measurements of the a-Fe;O3 and PtF/a-FeyOs
films were performed using an electrochemical cell with a capacity of
15 mL, in a solution of Na;SO4 0.1 mol L™! as a supporting electrolyte.
The open circuit potential (Voc) of the films was recorded under irra-
diation and dark conditions. Both samples showed negative photo-
potential, which represents the difference between the potential
obtained for the system under light conditions and in the dark. The
a-Fe,03 and PEF /o-Fe,03 displayed a AVgc of —80 mV, and —0.50 mV,
respectively. The negative AVg¢ values of the films confirm that the
materials are n-type semiconductors, suitable for photo-oxidation pro-
cesses [30-32].

Considering that films are photoanode, i.e., n-type semiconductors,
Linear Scanning Voltammetry (LSV) was performed in anodic potential
direction, from —0,01 to 0.8 V (vs Ag/AgCl). Fig. 6a shows LSV curves
registered with a light interruption (chopper) of 0.2 Hz and a scan rate of
2mV s L. The PN /a-Fe,03 film displayed a photocurrent of 4.9 pA
em 2, whereas the a-FeyO3 film presented a photocurrent of 1.4 pA
em 2. According to the semiconductors band theory, the electrons are
excited from the VB to CB, forming an electron-hole pair. However, the

electron-hole recombination can occur, when the electrons return to the
VB [33,34]. To reduce recombination, metallic nanoparticles are added
to the films. Nanoparticles such as Pt act as electron “traps”, scattering
or absorbing light, thus delaying charge recombination and increasing
the photocurrent of the films [35,36]. So, the superior photocurrent for
the PtVF/a-Fe,05 sample can be associated with the effect of traps
created by P’

From LSV registered with light interruption, it was possible to
determine the flat band potential (Ep) of the semiconductor by the
Butler-Gartner model. This methodology is based on the extrapolation of
linearization of square photocurrent in the function of potential, ac-
cording to Eq. 4.

Iph = aWO0qp0+/(E — Eﬂ,) 4

where « is the absorption coefficient, Wy is the depletion layer, ¢O0 is the
photon flux, q is the electron charge, and Eg, is the flat band energy.
Based on the experimental data, it was possible to calculate the Eg, for
the a-Fe,03 and PP /a-Fe,03 samples at —0.050 and 0.001 V (vs Ag/
AgCl), respectively. Fig. 6b presents the curves obtained based on the
Butler-Gartner model. Fig. 6¢ shows the relative positions of the BV and
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Fig. 5. UV-Vis curves in transmittance mode for a-Fe,O3 films (red line) and
Pt"?/a-Fe,05 (blue line) calcined at 500°C for 2 h. Inset: band gap energy
estimated by the Wood-Tauc methodology considering indirect transi-
tion energy.

CB edge potentials for the electrodes considering the pH of 5.8 of the
electrochemical system. Based on previous studies, the flat band po-
tentials of the electrodes are suitable for reactive oxygen species (ROS)
formation from the water photoelectrolysis, confirming their suitable
applications as photoanodes [31,32,37].

3.3. pH test with the biodiesel precursor solution and mechanism of
biodiesel production

As discussed, esterification via the electrochemical route is catalyzed
by the hydroxyl ion (OH’) formed at the cathode. Subsequently, OH"
reacts with alcohol (R-OH) producing R-O species (alkoxy), which are

E/Vvs.RHE
05 06 07 08 09 10 11 12 13
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extremely nucleophilic and can react with the carbonyl bonds present in
the fatty acid. When the alcohol is methanol (R = H3C), the product of
this reaction is fatty acid methyl esters (FAME), which can be classified
as biodiesel [38-40]. Thus, the catalysis process of biodiesel formation is
initiated by the formation of OH in the reaction medium. Fig. 7 show
curves of pH in function of voltage application in electrochemical cells.
This study was conducted with the electrochemical system under po-
larization conditions and a pH meter electrode immersed into the so-
lution, as described in Section 2.4.

The hematite film is a suitable photoanode, that is, capable of
oxidizing water molecules and other species present in the electrolyte
while providing electrons to the cathode of the electrochemical cell.
From Fig. 7 it is possible to see that the pH changes to higher values
(alkaline), according to the increase in potential. Thus, it is possible to
state that OH" is formed on the cathode surface from the reduction re-
action of water molecules, while species are oxidized on the anode
surface. Furthermore, according to Fig. 7, pH 14 is more easily reached
when the Pt¥/a-Fe;03 electrode is utilized. From Fig. 7 hematite
modified with Pt"" presents a better charge transfer than the pure Pt
electrode.

In an early study, we discussed that a-Fe;O3 presents greater inter-
action with water molecules, reducing the overpotential for RDO [17].
Furthermore, we have two additional contributions that can corroborate
to the superior catalytic effect of the reaction system: (i) the photooxi-
dation reactions occurring at the anode can serve as additional sources
of electrons for the cathode, and (ii) PtN? can act as co-catalysts and
prevent the charge recombination process in the semiconductor. A
previous study discusses that the chloride ions added as electrolytic
support must be oxidized before oxidation of the methanol that is in
excess in the precursor solution occurs, due to its low standard oxidation
potential (-1.36 V vs. RHE) [41]. However, considering the ROS for-
mation process, discussed previously, excess methanol should also
contribute as a source of electrons for the electrochemical synthesis of
biodiesel when the hematite electrode is used as a photoanode. Thus, the
chemical equations presented from 5 to 10 can summarize the charge
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Fig. 6. Linear Scanning Voltammetry registered under interruption of light registered in scan rate of 2 mV s~! for (a) a-Fe,O3 and Pt"*/a-Fe,03 samples. Curves of
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Fig. 7. pH variation study for the photoelectrochemical system under polari-
zation variation and different electrodes.

transfer steps and the formation of chemical species until the biodiesel.
Anodic reaction:

2Cl" —>Cly+2e” 5)

H5;COH + H,0—CO,+6H"+6e" (6)
Cathodic reaction:

2H,0 + 2e"—>H,+20H" @

2H"+2e” —H, (8)
Proton transfer reaction:

CH;3;0H + OH™-CH;3;0™ +H,0 )
Esterification reaction:

R;-COOH + CH30™ =R;-COO-CHj(biodiesel) +H,0 10)

As discussed before and according to Moradi et al.[42], the hydroxyl
formed at the cathode must react with methanol to produce methoxy,
which is highly reactive and acts as a nucleophile. After the formation of
methoxy, a nucleophilic attack occurs on the carbonyl of the fatty acid,
which forms a carbocation, then an intermediate is formed. Then, a
rearrangement of the molecule must occur to form the FAME, as shown
in Fig. 8.

CH,OH + OH — CH,O" + H,0

/\ —
R1—C'—OH + O —CHz =— RI,’/(”: o
('5 OCH, O
R,— C—OH R, ,C\-‘-‘-OH
| — # X\

OCH; 0’ ocH, O
//O
Ri—C + H,0O + HO

O—CH:;

Fig. 8. Mechanism of biodiesel production by esterification.
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3.4. Characterizations of the products formed after the catalytic process

3.4.1. Thermogravimetric analysis (TGA)

Initially, the products obtained after photoelectrocatalytic reaction
were analyzed by thermogravimetric analysis (TGA) and compared with
the TGA curve obtained for oleic acid. Previous studies by Chand et al.
[43] demonstrated that TGA curves can provide qualitative and quan-
titative information for evaluating biodiesel. Thermogravimetric curves
for oleic acid and biodiesel prepared by electrochemical synthesis are
shown in Fig. 9. The thermal stability evaluation of biodiesel by ther-
mogravimetric analysis becomes very important for understanding the
chemical reactivity of fatty acids and their esters. Changes in the profile
of the TGA curves can be used as initial information to verify the con-
version of precursors into biodiesel [44]. Changes in mass percentage
occurred from the formation and breaking of physical and chemical
bonds at elevated temperatures [43,45].

Fig. 9 shows that the sample prepared by electrochemical synthesis
displayed greater mass loss than oleic acid, in the same temperature
range (33-220°C). According to the TGA curves, the thermal decom-
position temperature of oleic acid is higher than that of the electro-
chemical catalysis product, which suggests that the formation of FAME
may have occurred. The first derivate of the weight (dashed curves)
presented a displacement in thermal decomposition for biodiesel and
oleic acid, which occurred at 270 and 288 °C, respectively. This is due to
the higher viscosity and bond strengths of the fatty acid in comparison to
biodiesel. Thus, the TG curves of the samples can be used to indicate the
conversion of oleic acid into biodiesel [46].

3.4.2. Gas chromatography coupled to mass spectrometry (CG-MS)

GC-MS was used to investigate the product of electrochemical
catalysis. Fig. 10a shows the chromatograms of the FAMEs obtained by
photoelectrochemical synthesis. The mass spectrum for signal (5) of the
chromatogram is shown in Fig. 10b. Considering the mass of the frag-
ments (m/z) obtained, the signal (5) was attributed to Methyl 9-octade-
cenoate. Based on the GC-MS results, it was possible to confirm the
esterification of oleic acid into methyl 9,12-octadecadienoate (0.78 %),
methyl 9-octadecenoate (5.76 %). The Table 1 shows the type and
percentage of fatty acid methyl esters obtained from photo-
electrochemical route.

The GC-MS analysis revealed that the photoelectrochemical route
was responsible for conversing around 7 % of the oleic acid in FAMEs,
within a 2 h reaction time. Considering that oleic acid is the majority
compound of the starting reagent, the main methyl ester obtained was
methyl 9-octadecenoate. The other methyl esters obtained in smaller
proportions can be attributed to the presence of other fatty acids present

10 ~
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Fig. 9. Comparison of TGA curves recorded for oleic acid used as precursor
reagent and product obtained after the photoelectrochemical reaction to pre-
pare biodiesel.
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Fig. 10. Gas chromatography coupled to mass spectrometry of the electrochemical synthesis of biodiesel.

Table 1

FAME:s identified in the sample prepared by photoelectrochemical route from oleic acid.

Signal Compound Area (%) tg (min) Fragments [m/z (%)]
1 Dodecanoic acid 2.84 19.391 73 (100); 60 (89); 57 (48); 55 (45); 129 (34); 200 (M 4)
2 Methyl hexadecanoate 0.36 26.455 74 (100); 87 (70); 75 (22); 55 (22); 143 (20); 270 (M** 4)
3 Hexadecanoic acid-TMS 3.18 28.464 117 (100); 73 (86); 75 (62); 313 (54); 129 (37); 328 (M ™* 2)
4 Methyl 9,12-octadecadienoate 0.78 29.290 67 (100); 81 (80); 95 (57); 55 (50); 58 (48); 294 (M"™* <1)
5 Methyl 9-octadecenoate 5.76 29.403 55 (100); 69 (77); 74 (59); 83 (58); 296 (M™* 2)
6 9,12-octadecadienoic acid 1.53 29.887 67 (100); 81 (82); 95 (58); 68 (54); 82 (54); 280 (M** 5)
7 9-octadecenoic acid 81.15 30.020 55 (100); 69 (85); 83 (65); 97 (58); 57 (41); 282 (M** 1)
8 9-octadecenoic acid-TMS 3.49 31.199 73 (100); 117 (95); 75 (84); 129 (67); 55 (55); 339 (47); 354 (M™ 3)
9 Octadecanoic acid-TMS 0.91 31.586 117 (100); 73 (73); 341 (65); 75 (53); 132 (43); 129 (43); 356 (M 4)

in the starting reagent. Even though, the reaction did not convert all
initial reagents into FAMEs, the studies presented here demonstrate that
the photoelectrocatalytic route for preparing biodiesel is promising,
considering there was no soap formation as an undesirable product.
Furthermore, as the catalyst reactant is formed on the a-Fe;O3 electrode,
an extra step to separate the catalyst from the reaction medium is not
necessary.

For comparison purposes, biodiesel was prepared by conventional
route, from esterification by homogeneous catalysis. The reaction
product was evaluated by GC-MS and the data is presented in the Sup-
porting Information, in Fig. 1S and Table 1S. From Fig. 1S it is possible to
see that the product of the conventional route reaction produced a
chromatogram with 6 signals, with peak (4) being the most intense.
Table 1S shows the methy] esters obtained by the conventional route and
the percentage of each of them. In this case, the reaction had a yield of
100 % conversion of the starting reagent into FAMEs, with a higher
percentage for 9Z-Octadec-9-methyl enoate, which reached almost
84 %.

Other studies have been carried out aiming at the electrochemical
preparation of biodiesel, with a higher yield of FAMEs. However, these
studies have been carried out with the presence of strong bases such as
KOH or NaOH as supporting electrolyte [8,15,47]. The presence of these
reagents seems to contradict the main justification for using the elec-
trochemical route, which would be the formation of OH- groups from the
electrolysis of water. Thus, the study proposed here presents a route free
of co-solvent and alkaline reagent. Therefore, the application of the
methodology base on hematite electrode as photoanode for biodiesel
production proved to be promising for this field of study.

4. Conclusions

Hematite film electrodes with nanoparticles (PtNP/(x—Fe203) were
produced, as well as the functionalization process of films with Pt°
nanoparticles. The bandgap energy (Epg) of the a-FeyOs and PP/
a-FepO3 films was approximately 2.1 eV, for both samples. Electro-
chemical measurements showed that the semiconductors are of n-type
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material, that is, photoanode. Biodiesel synthesis was carried out under
different conditions. In addition to the electrochemical route, biodiesel
was synthesized by a conventional method. The products obtained were
analyzed by thermogravimetry (TGA) and gas chromatography coupled
to mass spectrometry (GC-MS). The electrochemical synthesis showed a
curve below the oleic acid decomposition temperature. This suggests
there was a change in the composition of oleic acid, which led to a lower
initial decomposition temperature. In addition to thermogravimetric
analysis, the products were analyzed by gas chromatography. Based on
the results obtained from GC-MS, it was possible to confirm the esteri-
fication of oleic acid in the FAMEs such as methyl 9-octadecenoate,
methyl hexadecanoate, and methyl hexadecanoate. Based on what was
discussed, it can be confirmed that hematite electrodes decorated with
Pt nanoparticles can synthesize biodiesel through the esterification of
oleic acid. Thus, the application of this photoelectrocatalytic route for
biodiesel production proved to be promising for this field of study.
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