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Abstract

Herein, we report the FFA photoesterification of waste cooking oil (WCO) using a
BiVO, and visible irradiation. Despite undergoing treatments under different tem-
peratures (120 °C and 150 °C), both synthesized samples presented high crystallin-
ity and similar morphologies, corresponding to a mixture composed of the scheelite
structure of monoclinic and tetragonal phases of BiVO,. The FFA conversions with
the photocatalysts were significantly higher than the non-catalytic reactions. The gas
chromatography analysis shows that the products are composed of a mixture of ethyl
esters and a low amount of fatty acid ethyl esters (FAEE). The results demonstrate
that the photoesterification of FFA of non-edible vegetable oils can be driven by
BiVO, photocatalysts under visible irradiation, at regular temperature, reduced etha-
nol/oil molar ratio, and short times.
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Introduction

The bismuth vanadate (BiVO,) is considered a n-type semiconductor with great
attention for different applications due to its unique properties [1-9]. BiVO, is a
non-toxic material chemically stable in aqueous media, and it can be applied where
corrosion is not a concern. Other interesting properties include ferroelasticity, ionic
conductivity, electrochemical properties, good dispersibility, corrosion resistance,
and visible light absorption [2—4, 7-11].

The BiVO, presents a band gap (Eg) of about 2.4 eV and good mobility of the
photogenerated charges [12, 13]. In this way, the BiVO, can be photoexcited by vis-
ible radiation beyond ultraviolet radiation, allowing, for instance, a broad absorption
of solar radiation [14, 15].

Therefore, BiVO, is studied for many applications, such as photocatalysis [7, 8,
16], water splitting [8, 17, 18], and photodegradation of organic compounds, such as
dyes [19, 20], pesticides [21], antibiotics [22, 23] and others [8, 24, 25]. Although
knowledge about the role of semiconductors in photo-oxidative processes is already
well established, there is a lack of studies about their utilization for biodiesel pro-
duction compared to other applications [26—30]. Most studies demonstrate the appli-
cation of semiconductors to different areas, such as hydrogen generation [31, 32].

Biodiesel production from oils (vegetable and animal oils, including waste cook-
ing 0ils—WCO) consists of a two-step catalytic process, where free fatty acids
(FFA) in the oil are initially esterified in the presence of an alcohol (methanol or
ethanol), reducing the FFA concentration, followed by the transesterification of tri-
glycerides with alcohol, which is catalyzed by NaOH (second step). The first step is
critical since significant amounts of FFA in highly acidic oils can cause soap forma-
tion, reducing the yield of biodiesel production [26, 28-30]. Photoesterification can
reduce the complexity of the whole process due to its simplicity, and a variety of
semiconductors, including ZnO/SiO,, C1/Si0,, TiO,, La**/Zn0O-Ti0,, TiO,/g-C;N,,
CdS, and WO;, have been used as photocatalysts in the biodiesel production from
different oils [33-35].

In addition to the importance of reducing the FFA of the oils, photocatalyst prep-
aration may also be considered a concrete bottleneck to large-scale biodiesel pro-
duction. The synthesis must be simple, low-cost, save energy, and allow the control
of the particle properties. Some studies report the synthesis of BiVO, at different
methods and temperatures [5, 36]. Among the different methods, the hydrothermal
method is one of the most used, mainly due to its low temperatures (primarily heated
up to 200 °C) and short synthesis times. Furthermore, the hydrothermal method can
easily adjust the crystal structure and morphology [5, 9, 13, 36, 37].

Herein, we report the hydrothermal synthesis of BiVO, photocatalysts by the
hydrothermal method under soft conditions. The BiVO, presented photoactivity
for the FFA esterification of waste cooking oil (WCO) under visible irradiation,
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which is very promising for use before the transesterification process for biodiesel
production.

Experimental
Materials preparation and characterization

Bismuth vanadate (BiVO,) was synthesized using the oxidant peroxide method
(OPM), followed by hydrothermal treatment [5]. Typically, 0.69 g of Bi
(NO3);3.5H,0 (bismuth subnitrate, 99.0%—Vetec Sigma) and 0.16 g of NH,VO,
(ammonium metavanadate, 99.0%—Vetec Sigma) were added to distilled water
(40 mL) under stirring at room temperature. The Bi: V molar ratio used for the
synthesis was 1:1. After 30 min, hydrogen peroxide (40% H,0,) was added to the
mixture using a H,0,:Bi molar ratio of 10:1. Then, 40 mL of distilled water was
added to the suspension, and the formed complex was placed into a Teflon vessel
heated in a stainless-steel autoclave at 120 °C or 150 °C for 5 h of hydrothermal
treatment. These prepared samples were referred to as BiVO,-120 and BiVO,-150,
respectively. Finally, the prepared catalysts were washed firstly with distilled water
and, secondly, with isopropyl alcohol. After that, the catalysts were centrifuged and
dried at 70 °C for 2 h.

The X-ray (powder) diffraction (XRD) analysis was obtained in a Shimadzu
XRD-6000 diffractometer with monochromatic Cu K, radiation (A=0.15406 nm)
using a scanning rate of 2°/min with 20 ranging from 10 to 70°. Fourier transform
infrared spectra (FTIR) were obtained using a Varian 640-IR FTIR Spectrometer
from 400 to 4000 cm™'. The morphology was examined by Scanning electron
microscopy (SEM), using a Hitachi TM-3000 microscope, and the elemental com-
position was evaluated by Energy dispersive spectroscopy (EDS) with the detector
Oxford Swift ED 3000. The average values of the elemental compositions were cal-
culated by the mean of the values registered in three different regions of the samples.
Diffuse reflectance spectrometry (DRS) data were obtained in a UV-vis spectropho-
tometer—Shimadzu UV-2600, and the band gap values were calculated using the
Tauc equation [38]. Zeta potential analyses were carried out on a Malvern® Zeta-
sizer Nano instrument. For the analysis, 1 mg of material was dispersed into 10 mL
of deionized water and taken for sonication. Aqueous solutions of hydrochloric acid
(HCI1, Synth®) and sodium hydroxide (NaOH, Synth®) were added to adjust the pH
during each analysis step.

Photoesterification tests

The photoesterification tests were carried out using a photoreactor equipped with
six (6) fluorescent lamps emitting visible radiation. The waste cooking oil (WCO)
was obtained from a restaurant. The WCO was filtered before the tests. Absolute
ethanol was of analytical grade (>99%, Synth). The tests were performed at 40 °C
under visible lamps placed on the top of the photoreactor (15 W power and distance
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of 0.24 m from the reaction mixture). It was used the following conditions: photo-
catalyst concentration of 1 wt% in relation to the initial WCO mass; ethanol: WCO
molar ratio of 5:1; and stirring speed of 400 rpm. These reaction conditions were
based on previous studies [27, 29]. A blank experiment (without the catalyst) was
also tested under the same conditions. After the reactions, the mixture was placed in
a separation funnel until the two liquid phases separated. The oil layer (upper part)
was centrifuged to remove the catalyst, and the supernatant was used for subsequent
determination of the Acid Value (AV). The AV of the initial WCO and reaction
products were determined following the AOCS Cd-3d-63 method of the American
Oil Chemists Society (AOCS) by titrating the sample with NaOH at 0.1 mol L™,
The AV (mg KOH g~!) was determined using the Eq. 1 [26, 28]:

_ VX[ xCx56.11

m

AV

(1

Here V is the volume of the standard solution of NaOH (in mL) that was con-
sumed until it reaches the titration endpoint; f is the NaOH solution correction fac-
tor; C is the concentration of NaOH standard solution (mol/L); 56.11 is the molar
mass of KOH ing/mol); m is the weight (g) of the test sample. Also, the FFA con-
version (% Cgp,) during the esterification was determined using Eq. 2:

AV, — AV,
AV

i
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The products compositions were determined by gas chromatography using a
flame ionization detector (FID), according to the adapted EN-14103 method. The
description is contained in the supplementary material.

Results and discussion
Characterization of the BiVO, samples

Fig. 1 shows the XRD patterns obtained for the synthesized catalysts compared with
the standard pattern of the monoclinic scheelite phase (JCPDS no. 75-1866 and
ICSD 62706). Both synthesized BiVO, materials showed similar diffractograms,
with the main peaks corresponding to the monoclinic scheelite crystalline phase of
BiVO,, at 20 equal to 18.8, 29.1, 30.9 (highest), 35.1, 40.4, 42.8, 46.0, 47.7, 50.4,
53.7, 56.1, 58.2° and 59.2°, which are indexed to the crystallographic planes (101),
(112), (004), (020), (211), (015), (240), (042), (202), (161), (204), (321) and (123)
[9, 39-41].

However, other diffraction peaks were observed in the synthesized samples, such
as the peaks at 20 at around 24.1° and 33.4°, indexed to the crystallographic planes
(200) and (112) of the tetragonal scheelite BiVO, phase [JCPDS no. 14-0133].
There are other peaks in these diffractograms. The peaks at 20 next to 12° and 26°
were not completely identified, probably ascribed to secondary phases of Bi [42].
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Fig. 1 XRD patterns obtained for the BiVO, samples. (---) standard XRD patterns of the monoclinic
crystalline phases of the BiVO,

Thus, the hydrothermal treatment apparently led to the formation of a mix-
ture of crystalline phases, which are mainly composed of scheelite structures
from monoclinic and tetragonal phases of BiVO,. It is worth pointing out that
the monoclinic phase of BiVO, is considered the most photoactive in photocata-
lytic processes. However, some authors demonstrated the monoclinic/tetragonal
heterojunction could also improve the charge (electron/hole) separation, reducing
the charge recombination [6, 14, 15]. Also, it was possible to observe that the
variation in temperature during the synthesis did not cause significant changes
in the structure of the studied materials, and has only resulted in peaks with dif-
ferent intensities. The results are in accordance with other studies that have also
used the hydrothermal method for the synthesis of BiVO, and obtained a mixture
of scheelite phases [3, 9, 13, 36, 3941, 43].

The FTIR spectra of the samples are shown in Fig. 2, and the main vibration
modes are in Table 1. The FTIR spectra are typical of the BiVO, [3, 9, 13, 16, 36,
39, 44, 45].

The similarity between the two spectra demonstrates that the increase in syn-
thesis temperature did not significantly influence the functional groups on the
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Fig.2 FTIR spectra of the synthesized BiVO, samples

Table 1 Vibration modes of the synthesized BiVO, samples

Wavenumber (cm™") Vibration mode

2120 and 2360 H-O-H bond Angular deformation

1300-1900 H-O-H bond Angular deformation

970 V=0 stretching of vanadyl

615 Deformation of the V-0 bond; Vibration of the Bi—O bond
510 Stretching of the V-0 bond and Bi—O-V bond

470 VO43‘ symmetric angular deformation

studied material’s surface. In region I, the bands between 470 and 840 cm~! are

typical of vibration modes present in the monoclinic BiVO, in accordance with
the XRD results [3, 13, 16, 36, 39, 45]. The band at 470 cm™' is attributed to
VO, symmetric angular deformation [36]. Bands next to 510 cm™" are related
to the stretching of the V-O and Bi—-O-V bonds, whereas the bands next to
615 cm™! are related to the deformation of the V-O bond and the vibration of
the Bi—O bond. Bands at about 970 cm™' are characteristics of V=0 stretching
[46]. The small bands in region IT (1300 to 1900 cm™!) are ascribed to water
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and organic impurities [3, 9, 16, 36]. Also, the bands in region III (2120 and
2360 cm™!) are associated with the angular deformation of H-O-H bond.

Fig. 3 shows the representative images obtained by scanning electron microscopy
(SEM). The images demonstrate that the synthesized samples comprise two differ-
ent morphologies, possibly related to the two phases identified in XRD, formed by
micrometric aggregates. It is worth pointing out that the morphology observed is
significantly different from the literature [5]; it indicates the change in the reaction
time changed the growth process, and the short reaction time resulted in the for-
mation of samples with smaller particle sizes. The elemental compositions of both
samples were also obtained by EDS (Table 2). As can be seen, the samples showed
a slight difference between the compositions of Bi and V, being that the Bi/V molar
ratio of the sample BiVO,-150 was similar to the theoretical value for BiVO,, i.e.,
1:1 (Bi:V equal to 1.3).

Fig. 4a presents the UV—visible (DRS) spectra of the obtained BiVO, materials,
and the values of band gap energy (Eg) were determined by using the Tauc plot for
a direct transition semiconductor [38], as shown in Fig. 4b. The absorption edges

TM3000_6281 DIOOXSO0K  20um  TM3000.6277 N D99 xiok

Fig.3 Representative SEM images of the synthesized BiVO, samples. BiVO,-120: A, and B;
BiVO,4-150: C and D
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Table 2 Elemental composition

El t BiVO,-120 BiVO,-150
(% mol) of the synthesized emen Vo4 Vo4
samples and Bi/V molar ratios Oxygen 62% 61%
obtained by EDS .

Vanadium 13% 17%

Bismuth 25% 22%

Bi/V 1.9 1.3

of both BiVO, samples were at approximately 470 nm, suggesting that the synthe-
sized samples are visible light-responsive photocatalysts, i.e., the electron transition
occurs in the visible region. The corresponding band gap values (~2.4 eV) were
very similar, and they are in accordance with reported values [3, 41, 46]. This Eg
value indicated that the BiVO, is photoactivated under visible irradiation.

Fig. S1 shows the zeta potential for the samples of BiVO, as a function of pH.
These results demonstrate that both synthesized samples present a similar and low
isoelectric point (IEP equal to 2.1 and 1.9 for samples BiVO,-120 and BiVO,-150,
respectively), and both samples are probably stable under pH higher than 4.

FFA photoesterification over BiVO,

First, the fatty acid profiles (bonded to the glycerol in the triglyceride molecule) in
the WCO were analyzed using gas chromatography equipped with a flame ioniza-
tion detector. Also, the FFA total content (%) was determined by the AOCS Cd-3d-
63 method by titrating the sample (described in the experimental section). The
results are shown in Table S1, and the WCO presented an Acid Value (AV) equal to
15.8 mg KOH g™, corresponding to 7.9% of the total content of FFA.

In the sequence, tests without (and with) the catalysts were carried out without
radiation or by using visible irradiation. These tests were carried out with molar
ratios equal to 20:1 or 5:1 (ethanol:oil). Tables 3 and 4 summarize all these results.

The photoesterification tests were firstly conducted at ethanol: oil molar ratios of
20:1 at a fixed temperature equal to 40 °C (Table 3). In the non-catalytic test (with-
out the synthesized BiVO, samples), the FFA conversion (Cgp,) was around 45%.
In this molar ratio, no significant increase in the FFA conversion (around 1.1%)
was observed using both synthetized BiVO, samples compared to the non-catalytic
test. Also, in the photoesterification non-catalytic test, the visible irradiation had
no significant effect, since the FFA conversion was most probably due to the high
ethanol:oil molar ratio (20:1).

On the other hand, in the non-catalytic tests using a molar ratio equal to 5:1
(ethanol:oil), the FFA conversion dropped significantly to lower values (< 10%).
Also, the FFA conversion observed with the BiVO, photocatalysts using a 5:1
molar ratio was greater than the non-catalytic test (approximately 6 times for sample
BiVO,-120 under visible irradiation). Thus, these results indicate that the reaction
of esterification using the highest ethanol: oil molar ratio (20:1) occurs due to excess
of alcohol and not because of the photocatalyst. In this way, the photoactivity of
BiVO, samples could be evidenced by reducing the ethanol: oil molar ratio to 5:1.
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Table 3 FFA conversion (Cgg,) obtained by using an ethanol:oil molar ratio of 20:1

Sample Irradiation AV final (mg FFA final (%) FFA conver-  Increase
KOH/g) sion (%) in FFA .
conversion
Non-catalytic - 8.9 44 43.6 -
Visible 8.7 4.3 44.9 -
BiVO,-120 - 8.2 4.1 47.5 1.1x
Visible 8.3 4.1 474 1.1x
BiVO,-150 - 8.5 4.2 46.0 1.1x
Visible 8.5 4.2 46.2 1.1x

“In relation to non-catalytic test without irradiation (blank)

Table 4 FFA conversion (Cgg,) obtained by using an ethanol:oil molar ratio of 5:1

Sample Irradiation AV final (mg FFA final (%) FFA conver-  Increase
KOH/g) sion (%) in FFA .
conversion
Non-catalytic - 15.1 7.6 4.1 -
Visible 14.7 7.3 6.8 -
BiVO,-120 - 13.4 6.7 15.2 3.7x
Visible 8.9 4.5 43.1 10.5 x
BiVO,-150 - 13.2 6.6 16.1 39x
Visible 9.2 4.6 41.4 10.1 x

* In relation to non-catalytic test without irradiation (blank)

Furthermore, it is possible to observe (Tables 3 and 4) that the temperatures of
hydrothermal synthesis slightly affect the FFA. The highest FFA conversion was
obtained using BiVO,-120 under visible irradiation, obtaining the esterified oil
with approximately 4.5% FFA content. The use of low temperatures of synthesis
and visible radiation are both interesting from the environmental and sustainable
point of view.

Table S2 shows the comparison between our results for photoesterification and
literature data. Remarkably, our results used more moderate reaction conditions
than reported in other studies, especially shorter times and visible irradiation
(instead of UVC).

A basic mechanism of the photoesterification reaction is described in the lit-
erature by following the sequence of three steps [27, 29, 47, 48]. Fig. S2 shows
a proposed reaction scheme for the photo esterification of FFA with ethanol.
Initially, there is the adsorption of the ethanol (CH;—CH,—-OH) and the FFA’s
(HOOC-R) on the photocatalysts surface, mainly due to the presence of active
acid sites that may act as Lewis sites. In the sequence, the formation of holes (h')
and electrons (e~) promotes: (a) the reduction reaction of the HOOC-R with (e™)
produces the «OHOC-R radicals; (b) and, at the same time, the (h") reacts with

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2025) 138:1453-1467 1463

Table 5 Ethyl esters qualitative

C d Carb Content (wt %) aft
profile in the obtained product ompoun arbons on en‘ (“./ 0).a °r
. - . ! photoesterification
(esterified oil) using BiVO,-120
and the ethanol:oil molar ratio - Visible
of 5:1
Ethyl palmitate C16:0 9.9 11.8
Ethyl stearate C18:0 5.5 5.7
Ethyl oleate C18:1 37.2 31.8
Ethyl linoleate Cl18:2 41.6 44.5
Ethyl a-linolenate C18:3 6.0 6.3

the CH;~CH,—OH, producing CH;~CH,-Oe radicals and ions (H*). Both reac-
tions occur through the absorption of photons on the photocatalyst surface. (c)
After that, the ions (H*) and radicals formed (CH;—CH,~Oe and ¢OHOC-R) can
react to form ethyl ester and water. Finally, the products are desorbed and migrate
to the liquid phase.

Table 5 shows the qualitative profile of the final product obtained in the photo-
catalytic tests under visible irradiation (and in the absence of light) using an ethanol:
oil molar ratio of 5:1. Thus, it was verified that the obtained product (esterified oil
with a low acidity) is composed of a mixture of ethyl esters formed by the pho-
toesterification of free fat acids and, probably, other amounts of fat acid ethyl esters
(FAEE) formed by the conversion of the triglycerides by direct photo transesterifica-
tion. The presence of degradation sub-products was not observed, in the oil phase of
the products.

Lastly, the process presented here can be activated by solar irradiation and avoids
some drastic conditions frequently used in the FFA esterification. Also, the use of
BiVO, as catalyst and WCO as a raw material can reduce the cost for the production
of biodiesel.

Conclusion

We have demonstrated the performance of BiVO, for the esterification and pho-
toesterification of FFA present in WCO. The synthesis by hydrothermal treatment
led to the formation of a mixture of crystalline phases of BiVO,. The temperature
of the hydrothermal synthesis did not significantly affect the morphologies, struc-
tures, and chemical groups on the studied material’s surface. The activity of BiVO,
samples for the photoesterification of FFA from WCO was only evidenced using
the ethanol: oil molar ratio of 5:1. The highest FFA conversion was obtained using
the BiVO,-120 photocatalyst under visible irradiation, obtaining esterified oil with
a 4.5% FFA content. The obtained product (esterified oil) is composed of a mixture
of ethyl esters formed from the free fatty acids and also from the triglycerides. The
results presented here demonstrate that BiVO, can be an efficient photocatalyst for
the esterification of FFA present in WCO under visible irradiation, turning it into a
great material for improving biodiesel production using more sustainable conditions.
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