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ARTICLE INFO ABSTRACT

Keywords: Copper molybdate nanoplates were synthesized by a sonochemical process at room temperature, which we
Lindgrenite report as a simple and cost-effective route. Structural analysis of the material by the Rietveld method of X-ray
Efteriﬁcaﬁ“n diffraction (XRD) data revealed lindgrenite Cu3(MoQ4)2(OH), in a single-phase structure. All the vibrational
2:12115;5 modes characteristic of the space group were identified by Raman vibrational and near-infrared (NIR) spec-

troscopies. The profile obtained for Ny adsorption/desorption was type III hysteresis, characteristic of meso-
porous materials, with a surface area of 70.77(1) m? g~1. The micrographs of the material obtained by scanning
electron microscopy showed nanoplates with nanometric sizes and an anisotropic growth aspect. The catalytic
activity of lindgrenite was evaluated by esterifying oleic acid with methanol, showing high conversion rate to
methyl oleate and good catalyst stability after seven recycling cycles. Above all, the best catalytic performance
was reached when we optimized parameters such as oleic acid:methanol molar ratio of 1:5, 5% of catalyst
dosage, and reaction time of 5 h, resulting in 98.38% of conversion at 413 K. Therefore, sonochemically syn-
thesized lindgrenite proved to be a high potential material for biofuel production by oleic acid esterification.

1. Introduction petroleum [6]. In general, biofuels are obtained via transesterification

reactions from animal fats or vegetable oils and fatty acid esterification

In recent years, government policies related to the use of fossil fuels
and their derivatives have intensified due to the ecological impacts
caused by the residues resulting from their extraction, processing, and
consumption [1]. In this context, investments in several other energy
matrices of a renewable nature and products with biodegradable char-
acteristics have driven research aimed at technologies that meet these
objectives [2]. Therefore, hydrogen cells [ 3], biofuels [4], and solar cells
[5] are considered promising in energy generation with minor ecolog-
ical impacts compared to fossil fuels.

Biofuels, which are fuels derived from animal or vegetable matrices,
have similarities in energy content compared to fuels derived from

[7]. Thus, biofuels combustion provides high energy efficiency with less
emission of greenhouse gases [8]. However, due to the esterification or
transesterification reactions’ energy barrier, catalysts have been a viable
alternative to increase the reaction speed and the conversion percentage
of the final product [9].

As for the types of catalysts, the so-called solid acid catalysts have
specific characteristics of a broad interest in reactions to obtain biofuels
[10]. The advantages of solid catalysts over homogeneous catalysts are
mainly due to the easy removal of these from the reaction medium, high
thermodynamic stability, low or no corrosive effect and the possibility of
reuse in several cycles [11].
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Solid acid catalysts composed of transition metals have in their
structure groups of atoms called Bronsted bases or Lewis acids [12].
According to Tao et al.[13], the acid and base sites present on the
catalyst surface directly affect the synthesis of biodiesel. In the case of
Brgnsted acids, these have greater activity in the esterification reactions,
while Lewis acids are more efficient in transesterification [14]. These
referred groups interact efficiently with polar groups of the substrate
molecules (oils, fats and fatty acids), conducting the esterification and
transesterification reactions under a lower energy barrier [15]. Besides,
the surface area, pore diameter and volume, surface energy, and particle
size of solid catalysts positively influence these materials’ catalytic
properties [16].

According to Changmai et al. [17], the use of heterogeneous acid
catalysts may be considered a viable alternative to reduce the costs of
biodiesel production. Heterogeneous acid catalysts have advantages
related to their easy separation of products [18]. Besides the possibility
of recovery and reuse of the catalyst, they minimize problems related to
corrosion and toxicity [11]. This class of catalysts includes, among
others, inorganic oxides [19], enzymes [20], ion exchange resins [21]
and zeolites [22]. However, a high catalytic performance has been
exhibited by copper oxide [23] and molybdenum oxide [24] in the
transesterification of vegetable oils. Also, they are easily synthesized by
conventional and low-cost methods, which reinforces the interest in
these compounds [25,26]. In this context, although there is a significant
catalytic properties of the polymorphs of copper molybdate, specifically
in the esterification or transesterification of biomolecules to obtain
biodiesel, they are absent in the literature so far [27].

Copper molybdate (CuMoOy) is a semiconductor widely known and
reported in the literature due to its thermochromic and piezochromic
properties [27-31]. As stated by Rahimi-Nasrabadi et al. [28], molybdate
anions (MOO?{) form MMoOg4-type compounds with different divalent
cations, in which molybdenum may present tetrahedral coordination
(scheelite-type structure, metal ionic radius M > 0.99 [o\) or octahedral
(wolframite-type structure, metal ionic radius M < 0.77 A).

The experimental conditions adopted in the synthesis of copper
molybdates can favour forming and obtaining different polymorphs that
mainly exhibit specific properties and characteristics [33-37]. The alpha
phase (a-CuMoO4) has a triclinic structure and a particular group, where
clusters [MoOy4] of tetrahedral symmetry are formed by coordinating the
molybdenum atom to four oxygen atoms [38,39]. On the other hand, the
gamma phase for copper molybdate (y-CuMoOj4) exhibits a triclinic
structure and has thermodynamic stability above 646 K [32,40].

In addition to the copper molybdate polymorphs reported above,
there is also the occurrence of the minerals in the form of hydroxylated
copper molybdates such as, lindgrenite - [Cu3(Mo00O4)2(OH)>], molyb-
dofornacite - [PbyCu(MoO4,CrO4)(AsO4, PO4)OH] and szenicsite -
Cu3(MoO4)(OH)4 [29]. Among these, lindgrenite is a semiconductor
with a monoclinic structure and a particular group that exhibits octa-
hedral symmetry clusters [CuOg] and tetrahedral symmetry clusters
[MoO4] [30]. Concerning thermodynamic stability, the literature re-
ports the structural conversion of lindgrenite to CusMo20y, by the loss of
a water molecule at temperatures close to 573 K [31].

Vilminot et al. [32] report the structural, optical and magnetic
properties of lindgrenite nanocrystals synthesized by the hydrothermal
method at 493 K for 24 h. On the other hand, Swain et al. [33], report the
changes in the morphology of lindgrenite microspheres synthesized by
the chemical precipitation method at room temperature for 15 min
under constant pH (5.2). Recently, we have reported [30] the synthesis
of microstructures composed of lindgrenite nanoplates obtained by
sonochemical synthesis as well as their structural, optical, morpholog-
ical, thermodynamic and antifungal properties.

Among the various synthesis methods, the sonochemical approach to
obtain lindgrenite has numerous advantages. Overall, easy operation,
fast processing, the obtainment of materials with a high degree of
crystallinity and purity, size and morphology control, and the use of low-
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cost equipment, including ultrasonic washers [34-37].

Based on the information presented in the previous paragraphs, this
work sought to study the structural, vibrational, optical and morpho-
logical properties of lindgrenite nanocrystals obtained by sonochemis-
try. Besides, we investigated the catalytic properties of the materials
obtained in oleic acid esterification under different experimental
conditions.

2. Materials and method
2.1. Synthesis of copper molybdate

In a typical sonochemical process, was dissolved 1 mmol of copper
nitrate trihydrate — Cu(NO3),-3H0 (Sigma-Aldrich, purity 98-103%)
and 1 mmol of sodium molybdate dihydrate — NasMoO4-2H0 (Sigma-
Aldrich, purity > 99.9%) separately in falcon tubes (50 mL capacity)
with 40 mL of distilled water, at room temperature, using Vortex
equipment. We added the solution with molybdate ions in a beaker flask
(120 mL capacity) and sonicated at room temperature using a Schuster
washer machine equipment, L100 model, with power and frequency of
160 W and 40 kHz, respectively. Subsequently, was added the copper
ion solution drop-by-drop, where a green suspension rapidly got formed,
and then we sonicated this suspension for 1 h at room temperature. The
green precipitate obtained was washed several times and centrifugated
at 5.000 rpm for 5 min for each cycle, using distilled water to remove the
Na™ and NOj ions. Finally, was dried the precipitate at 333 K for 48 h.

2.2. Characterization

The X-ray diffraction pattern of the sample was carried out by a
Bruker diffractometer, D2Phaser model, using the copper anode as a
source of radiation [A(CuKa = 0.154184 nm] in the range 26 from 5° to
100° with step size, current, and tension of 0.020°, 30 mA, and 40 kV,
respectively.

We collected the Vibrational Raman spectrum of the sample using a
Bruker confocal Raman spectrometer, SENTERRA model, in the range
between 85 and 1100 cm 7, exciting the sample using a red laser (A =
785 nm) with output power, resolution, and integration time of 0.5 mW,
4 cm™!, and 10 s, respectively. We could observe the active vibra-
tional modes in the infrared region (IR).

The lindgrenite nanocrystals’ morphology was examinated by Field
Emission Electron Microscopy (FE-SEM) operating an FEI Company
microscope, Quanta FEG 250 model at different magnifications.
Initially, 10 mg of sample was added into the Eppendorf (2 mL capacity)
together with 1.5 mL of acetone and dispersed by ultrasonic radiation
for 3 min. The suspension obtained was placed drop-by-drop onto the
aluminium stub substrates and dried at 303 K for 30 min.

The nitrogen adsorption/desorption isotherms was performed using
a Quantachrome device (Autosorb iQ Station 1) at 77.35 K, using
0.0195 g of sample, and initial treatment using final Outgas at 453 K for
6 h.

2.3. Catalytic performance of lindgrenite in the esterification of oleic acid

We evaluated the catalytic performance of the material obtained in
this study through the oleic acid esterification for biodiesel synthesis
(methyl oleate), where was added the oleic acid, methanol, and the
catalyst (synthesized lindgrenite) in a stainless steel-coated Teflon
reactor (25 mL capacity), without previous thermal activation of the
catalyst using the following initial conditions: oleic acid:methanol molar
ratio of 1:20, 373 K, and 5 wt% of catalyst concerning the acid mass,
under magnetic stirring (690 rpm) for 3 h. Then, was separated the
catalyst from reaction medium by centrifugation (5000 rpm for 5 min)
and evaporated the excess methanol under reduced pressure. The per-
centage conversion of oleic acid to methyl oleate was calculated using
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Fig. 1. (a) X-ray diffraction pattern and (b) Rietveld refinement plot of copper molybdate (lindgrenite) synthesized by the sonochemical method at room temperature

for 1 h.

the final (A¢) and initial (A;) acidity index (Eq. 1), titrating the reaction
medium with a 0.1 mol L' NaOH solution [38,39].

A — Ay

% Conversion = x 100 (€8}

The esterification process was also optimized, observing the effect of
each parameter on the reaction, with the following parameters: reaction
time (1, 3, 5, and 7 h), amount of catalyst (0, 2.5, 5.0, 7.5, and 10 wt%),
acid:alcohol molar ratio (1: 3, 1: 5, 1:10, and 1:20) and temperature
(353K, 373 K, 393 K, and 413 K).

Also, was studied the stability of the catalyst through its recycling
after successive reactions under optimized conditions. After each reac-
tion, the catalyst was separated by centrifugation (5000 rpm for 5 min),
washed it with hexane, and dried it at 353 K for 12 h.

3. Results and discussion
3.1. Structural characterization and Rietveld refinement of the XRD data

Fig. 1 shows the XRD pattern and Rietveld refinement plot for copper
molybdate synthesized by the sonochemical method at room tempera-
ture for 1 h and standard Bragg peaks from card n° 30,946 of the Inor-
ganic Crystal Structure Database — ICSD.

All diffraction peaks indexed for copper molybdate as-synthesized
agree with the XRD pattern of lindgrenite (Fig. 1a) as observed at 20
=12.60°, 20.35°, 21.21°, 25.52°, and 33.5° were all characteristic of a
monoclinic structure [40]. Therefore, these crystals present a mono-
clinic structure with a space group of P21n. Moreover, the sharp and
intensity for all diffraction peaks suggest that there is a high crystallinity
degree and also that they are ordered at long and short-range peaks [32].
We did not identify the secondary phase or reactants’ diffraction peaks,
confirming the high purity level and monoclinic structure as the only
phase.

To better discuss the structural characteristics of the lindgrenite
synthesized in this study, we performed structural refinement using the
Rietveld method. The data from the lindgrenite experimental standard
and the information contained in the ICSD card No. 030,946 were
computed using the Fullprof free software version of April 2019.
Therefore, we refined the lattice parameters (a, b, c, @, f, and y) and
atomic coordinates (x, y, and z, and profile shape parameters described
by the Caglioti formula (U, V, and W), as well as the occupational (O)
and isotropic thermal (Uj,) factors. This study assigned the Pseudo-
Voigt function to better adjust the diffraction peaks’ intensity and pro-
file and used a sixth-degree polynomial for background adjustment. We

Table 1

Structural Rietveld refinement results for lattice parameters (a, b, ¢, and f), the
crystallite size (Dpy) using the Scherrer’s equation and unit cell volume (V) for
lindgrenite from this work and reported by the literature.

Lattice parameters A vV (A% Dpyq(nm) Reference

a b c B

5.397 14.028 5.614 81.55 420.50 24.7(9) this work
(€3] 3) (6) 6) (©)

5.394 14.023 5.608 98.50 419.53 ICSD30946
@™ 3) @™ m 14)

5.386 14.001 5.601 98.53 417.73 [40]
(10) 3) aan ) 14)

5.3980 14.023 5.6183 98.497 420.22 [32]
(2) @ 2) ) %)

also monitored the quality of the computed data using the R-values for
quality of fit (R, Rup, R and z2).

Fig. 1(b) shows the graphical profile of the Rietveld refinement,
including the experimental (Y,ps) and calculated (Y,q) data, the residual
(Yops —Ycq) and Bragg peaks for the structure of lindgrenite. Thus, it is
initially possible to infer that there is an excellent agreement between
the experimental and computed data since there was a minimum residue
(the difference between the experimental and theoretical intensities),
corroborating the R-value (y*> = 1.93). However, there was a slight
tendency towards preferential orientation for the plane (2 1 2), similar
to what was observed by Swain et al. [31] and Vilminot et al. [32]. This
behaviour is probably associated with the anisotropic growth of this
plane in the crystallization of nanostructures.

The Rietveld structural refinement results for the synthesized lind-
grenite and the literature values are briefly shown in Table 1 and
Table S1 (available at supplementary data).

Based on the results contained in Table S1, the atomic positions for
the copper (Cu) and molybdenum (Mo) atoms did not present significant
variations in the unit cell when compared with standard values [40]. On
the other hand, the atomic positions for oxygen (O) and hydrogen (H)
resulted in significant changes as a product of the distortion of Mo-O-H
bonds in the tetrahedral [MoO4] clusters, as well as the Cu—O-H bonds in
the [CuOs] clusters. These observed behaviours may be correlated to the
process of the employed synthesis due to the high ultrasonic energy,
which allows: (i) distortion of the Mo-O and Cu-O bonds; (ii) crystalline
defects, and (iii) vacancies in oxygen atoms — V§ = Vg, Vo and V.

In agreement with the information obtained by the analysis of
Table S1, the results obtained for the lattice parameters and unit cell
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Fig. 4. Field Emission Electron Microscopy (FE-SEM) images of Cu3(M004)>(OH), at magnification of (a) 20, (b) 5, (¢) 3 and (d) 2 pm.

volume confirm the expansion of the unit cell size compared to the
literature values shown in Table 1. The angle $ for the lindgrenite unit
cell was smaller than that reported by the literature [32,41,42].

The crystallite size (Dpx) of as-synthesized lindgrenite through the
Scherrer‘s equation (Dp = KA/FWHMcos6) [43], where K is the con-
stant associated with the shape of nanoparticles (k = 0.9, spherical
form), A is the wavelength of the incident radiation (in this study CuKa =
0.15406 nm) while FWHM and 4 are the full width at half maximum and
the theta angle of diffraction peak for (4 1 2) plan at 20 = 25.52". From
this study, the D4, value obtained was 24.7(9) nm for lindgrenite
nanoparticles. Rahimi-Nasrabadi et al. [28] reported a statistic study
using the Taguchi robust method of optimization in the synthesis of
copper molybdate in their experiments, obtaining particles sizes ranging
from 80 to 252 nm.

3.2. Vibrational Raman and infrared spectroscopies

The Raman vibrational spectrum of lindgrenite was recorded to
identify the active vibrational modes of lindgrenite and corroborate this
information with the X-ray diffraction structural analysis.

Fig. 2a-d shows the Raman and infrared spectra of as-synthesized
lindgrenite obtained by sonochemical route for 1 h at room tempera-
ture. From Fig. 2a, were well-identified eighteen active modes in the
Raman spectrum of lindgrenite. Therefore, symmetric and anti-
symmetric stretching active modes of M—O bonds from tetrahedral
[MoOy4] clusters were identified in the range between 750 and 1000
cm ! (Fig. 2a) in the Raman spectrum [44]. On the other hand, there are
symmetric and anti-symmetric banding vibrations of O-Mo-O bonds in
the interval from 300 to 500 cm ™!, characteristic of copper molybdates
[29,44,45].

The bands ranging from 85 to 250 cm™! are assigned to the rota-
tional/translational active modes of tetrahedral MoO4, which is also
associated with the vibrational modes of Cu-O bonds in the octahedral
[CuOg] available in the crystal lattice [44]. All Raman active modes of
as-synthesized lindgrenite are very similar to Raman’s active mode po-
sitions reported by Frost et al. [29], as shown in Fig. 2b and Table S2
available in the supplementary data.

All active modes identified in infrared vibrational spectroscopy

(Fig. 2c-d) align with the vibrational modes already reported in the
literature [32,48]. We call attention to the bands referring to the
asymmetric modes between 700 and 850 cm?, related to the Mo-O
bonds contained in the [MoOj4] clusters [41], while in the range of
860 to 970 cm_l, the identified bands indicate the vibrations of the free
MOO?{ ions [32]. The medium intensity bands in 447 cm’l, 1624 cm’l,
and 3342 cm™! associated with the vibrations of the Cu-OH, O-H, and
Cu-O-H connections, respectively, were also identified [31]. The lattice
vibration bands and active modes associated with Cu-O vibrations were
detected in 218 cm™?, 336 cm ™}, 386 cm ™!, and 411 ecm ™.

3.3. N adsorption/desorption isotherm

The specific surface area (SA) of lindgrenite nanocrystals was
determined by the Brunauer-Emmett-Teller (BET) method from the N,
adsorption/desorption data (Fig. 3).

The nitrogen adsorption/desorption isotherm profile was type III,
characteristic of materials with poor interaction between the adsorbate
and adsorbent [46], similar to what Swain et al. [31] reported. The SA
estimated by the BET method was 70.77(1) m? g 1. In addition, the pore
diameter calculated by the Barrett-Joyner-Halenda (BJH) method
resulted in a higher amount of pores with diameters ranging between 2
and 6 nm.

3.4. Field emission scanning electron microscopy (FE-SEM)

We investigated the morphology of lindgrenite nanocrystals by FE-
SEM as shown in parts of Fig. 4a-d using different magnifications,
where it is possible to identify urchin-like clusters of nanoplates with
micrometric dimensions and irregular shape and size. This morpholog-
ical aspect suggests the self-assembly of nanoplates as an effect of the
electrostatic attraction of surface charges, which, in the end, results in
higher stability according to the morphology shown in Fig. 4a and 4d.

Swain et al. [33] reported micrometric flower-shaped structures
composed of lindgrenite nanoplates using the aqueous chemical syn-
thesis method at pH = 7.1 in 13 min. Xu et al. [41] reported different
morphologies for lindgrenite using the hydrothermal method,
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Fig. 5. Proposed scheme for the synthesis of lindgrenite urchin-like microcrystals using the sonochemical route at room temperature.

highlighting the dense and homogeneous microspheres composed of
nanoplates, while Swain et al. [33] stated that the occurrence of
Cu3(M004)20 microcrystals using thermal decomposition of flower-
shaped lindgrenite mesostructures composed of nanocrystals. Howev-
er, they have observed a distinctive aspect of the nanocrystals’ shape
and size in the nanoplates, similar to what we found in this study.

Based on these images and also on the study reported by Swain et al.
[31], we suggest that during the process of formation of lindgrenite
nanoplates, the solubilization of Cu?" and MoOZ" ions from their pre-
cursors, copper nitrate trihydrate [Cu(NOgs)2-3H20] and sodium
molybdate dihydrate (NagMoO4-2H50), in distilled water, occurs as
described in the following Eq. (1) - (4).

3Cu(NO;),3H,0(s) = 3Cu** (ag) + 6NO; (ag) + 3H,0(1) o))
2Cu** (ag) + HO™ (aq)=Cu, (OH)** (aq) @
Cu’" (aq) + HO™ (ag)=Cu(OH)" (aq) 3
Na,MoO, - 2H,O(s) :‘—Z(%Na+ (aq) +MoO3 (aq) +2H,0(l) @

During the addition of the copper ion solution to the solution that
contains the molybdate ions at room temperature and sonication (),
the reactions that take place are expressed by Eq. (5) and (6).

MoO2" (aq) + Cu, (OH); (ag)= [Cuy(MoO,)OH]” (aq) (5)
MoO2" (ag) + Cu(OH)* (ag)=Cu(MO,)OH]  (aq) )

Therefore, the lindgrenite nanoplates obtained combining the re-
actions of Eq. (5) and (6) may be represented in Eq. (7).

—
=

" Cus (MoO), (OH), (s)
7)

Finally, without the five water molecules in the products, we may
represent the products seen in Eq. (8).

2MoO?(ag) + Cuy (OH); (ag) + Cu(OH) " (aq)

HO

—
-

3Cu(NO3),-3H,0(s) + 2Na;MoO,-2H,0(s)
+4NaNOs (ag) + 2HNO; (ag) + 3H,0(1)

Cu3(MoOy),(OH), (s)
€))
Fig. 5 shows the reaction mechanism schematically between ions in
the aqueous medium under ultrasonic agitation in the formation of

nanoplates and their reorganization to form the mesostructures, also
described in Egs. (1)-(8).

3.5. Catalytic assessment in the oleic acid esterification

After a careful search in the literature, we have found that this is the
first study on the catalytic properties of copper molybdate regarding

1001{(a 0231£0.72 05.1120.57 100 - (b) , 97185034
( ) 2 00.21£0.41 93.33+0.72
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Fig. 6. (a) Effect of time on esterification of oleic acid with methanol under the following reaction conditions: 5 wt% of catalyst, acid:alcohol molar ratio of 1:20, at
373 K, (b) Effect of catalyst dosage under the following reaction conditions: acid:alcohol molar ratio of 1:20, 373 K, and 5 h of reaction.
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lindgrenite — Cu3(MoO4)2(OH),, applied in the synthesis of biodiesel by
esterification of oleic acid. Therefore, the information reported in the
consulted literature concerning the catalytic performance of compounds
belonging to the class of molybdates (MMoOj4, where M is a metal), as
well as molybdenum oxides (MoOs), and copper oxide (CuO), among
other heterogeneous catalysts applied in the oleic acid esterification
reaction, were also used as comparative parameters.

3.5.1. Dependence of time and catalyst load

Fig. 6 shows the conversions of oleic acid into methyl oleate when
the lindgrenite was used as a catalyst, with the influence of the reaction
time (1, 3, 5, and 7 h) and catalyst dosage (0, 2.5, 5.0, 7.5, and 10%)
assessed under the esterification reaction at a constant temperature of
373 K, oleic acid:methanol molar ratio of 1:20, and 5 wt% catalyst.

Because esterification reactions are strongly dependent on temper-
ature and reaction time [47], the use of heterogeneous catalysts is
decisive to reduce these parameters and, consequently, the final prod-
uct’s costs. Fig. 6.a shows the effect of reaction time on the conversion
when applying 5 wt% of lindgrenite nanocrystals as a heterogeneous
catalyst. Longer times resulted in greater conversions, reaching a
plateau in 5 h of reaction (93.31(72) %). With 7 h of reaction, the
conversion was 95.11(57) %, an increase of only 1.8% compared to the
reaction processed in 5 h. Based on these results, we established 5 h as
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Table 2

Comparison between catalysts, type of substrates (acid/oil), acid or oil:alcohol
molar ratio, temperature (K), and conversions to methyl esters from this study
and those reported in the literature.

Catalyst Acid/oil Acid/ T(K) Conversion Reference

alcohol (%)

(mol/

mol)
Cu3(Mo0O4)>(0OH), Oleic 1/20 353 73.71(25)* This work
Cu3(MoO4)2(OH),  Oleic 1/20 373 93.31(72) This work
Cuz(MoO4)2(OH),  Oleic 1/20 393 96.69(51) This work
Cu3(Mo004)2(0OH), Oleic 1/20 413 98.35(33) This work
MF954 Oleic 1/60 403 84.2 [39]
MF9S4 Oleic 1/60 433 98.9 [39]
30% SiW;/Hp Oleic 20/60 333 86 [51]
Na,MoO4 Soybean 1/48 393 72.6 [50]
Cu0-Al,03 Oleic 1/10 393 40.54 [52]

*The values expressed in parentheses refer to the sample standard deviations.

the optimal reaction time for subsequent esterification reactions.

Fig. 6b shows the effect of the catalyst dosage on the oleic acid
esterification, where we obtained a conversion of 15.14(42) % in the
catalyst absence, resulting only from the effect of temperature on the
reaction process. With only 2.5 wt% there was a significant increase in
the conversion of oleic acid into biodiesel (90.21(41) %), proving the
good catalytic activity of lindgrenite. By applying 5 wt% of catalyst, a
plateau (93.33(72) %) was reached, with no significant increase in the
catalyst’s higher doses. On the other hand, when we added 10 wt% of
catalyst to the reaction medium, there was a decrease of 21.06% in the
conversion than the previous amount (7.5 wt%). Therefore, we suggest
that in high doses of catalyst, there may occur: (i) low diffusion of the
catalyst/alcohol/oleic acid [48]; (ii) inefficient reagent transfer rate due
to increased viscosity [49]. Thus, to minimize the amount of catalyst
while maintaining efficiency, an optimum dosage of 5 wt% of the
catalyst was established.

Nakagaki et al. [50] reported using anhydrous sodium molybdate
(NagMoOy) as a heterogeneous catalyst in converting soybean oil into
biodiesel. The authors emphasized the efficient participation of
MoO? species, which exhibit acid character from Lewis sites with the
polarisation of the O-H groups present in methanol and consequent
favouring the reaction. Also, there was no significant increase in con-
version when increasing catalyst dosage from 5 to 10 wt% under similar
reaction conditions.

3.5.2. Dependence of temperature and activation energy (E,)

Temperature is one of the main factors affecting the reactions, such
as esterification, because it increases the system’s entropy and, conse-
quently, a more significant number of collisions between the substrate’s
molecules and the catalyst takes place. In Fig. 7a-b, it is possible to
observe the effect of temperature on the conversion in the absence and
presence of lindgrenite nanocrystals (catalyst), as well as the Arrhenius
plot (Inkgyp versus 1/RT).

The reaction rate was proportional to the rise in temperature,
providing an increase in conversion for the reactions catalyzed by
lindgrenite and yielding a maximum conversion of 98.35(0.33) % at
413 K. The same trend occurred for non-catalyzed reactions, although
with a maximum conversion of 43.69(25) % at the highest temperature
used. Even at high temperatures, there was a big difference in conver-
sion (approx. 55%), which shows this catalyst’s importance in the re-
action. This difference in conversion is even greater at lower
temperatures. It is important to note that the conversion of the reactions
catalyzed at 393 and 413 K did not significantly differ when considering
the standard deviation. Therefore, we regarded the lower temperature
(393 K as the optimum temperature for this process since lower tem-
peratures result in cost reduction.

Based on these results, it was possible to observe the strong depen-
dence on temperature of the oleic acid esterification in processed
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Table 3
The activation energy of the esterification reactions of oleic acid in the presence
of lindgrenite as a catalyst and comparison with other catalysts.

Catalyst E,(kJ mol™) Reference
Lindgrenite 22.1(2)* This work
30%SiW,2/Hp 49.8 [51]
H,S04 42.0 [53]
TPA3/SBA-15 44.6 [54]
SnCl, 46.69 [55]
PW(20)MFS 44.7 [38]
Mo/SiO5 62.9 [56]
Amberlyst 15 74.4 [57]

*Values expressed in parentheses refer to the sample standard deviation.
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Fig. 8. Effect of acid:methanol molar ratio on the esterification of oleic acid at
393 K, 5 h of reaction, and 5 wt% of catalyst.

reactions. Also, the advantage of using lindgrenite as a catalyst was
evident, providing a significant difference in each temperature studied
when compared with the reactions processed in the absence of the
catalyst. Some studies on the acid-catalyzed esterification reaction using
temperatures equal or higher than the optimum temperature found in
this work have shown lower conversions, even using higher acid:alcohol
molar ratio and a higher catalyst dosage (Table 2).

We obtained the activation energies (E,) of the catalyzed and non-
catalyzed reactions through the Arrhenius equation (Eq. 9). However,
the linearized equation (Eq. 10) was applied, where kg, is the apparent
velocity constant for each reaction and its respective temperature (T) in
Kelvin, R is the constant of the ideal gases, being 8.314 J mol ! K’l, and
Ay is the proportionality constant. Finally, the Ea values were obtained
by the slope of the lines (Fig. 7b).

app = Age ™ 9

E
Ik, = InAy — o+ Ink, (10

The graph shown in Fig. 7b clarifies the energetic difference between
the catalyzed and non-catalyzed reactions, confirming how much lind-
grenite reduces the activation energy and facilitates the occurrence of
esterification. The Ea value of the non-catalyzed reaction was almost
two times the Ea of the catalyzed reaction, being 43.6(5) and 22.1(2) kJ
mol ™}, respectively. Further, when comparing the observed Ea of the
reactions catalyzed by lindgrenite with the E, found for esterification
reactions with different catalysts, it was possible to observe that the first
was significantly lower, making this catalyst promising for this appli-
cation (Table 3).
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optimized conditions: oleic acid:methanol molar ratio of 1:5, 393 K, 5 h of
reaction 5 wt% of catalyst.

3.5.3. Effect of the amount of methanol

The amount of alcohol added in an esterification reaction is an
important parameter to be investigated, considering that this type of
reaction is potentially reversible [58]. Thus, we changed the molar ratio
of oleic acid:methanol to observe its effect on the esterification reaction
using lindgrenite as a catalyst (Fig. 8).

The results show an improvement in the conversion with the acid:
methanol molar ratio, being 90.58(50)% in the 1:3 ratio and 96.79
(25)% in the 1:5 ratio. However, higher molar ratios did not significantly
increase conversion compared to the acid:methanol molar ratio of 1:5.

The oleic acid:methanol molar ratio of 1:5 showed a high conversion
(96.79%), considered the optimal ratio for this esterification process
with the new catalyst, associated with the optimized experimental
conditions. It is possible to observe that the results are considered
expressive and economically viable compared to similar studies. Even in
larger molar ratios, the conversions were much lower than those pre-
sented in this work (Table 2). Such conditions point to the use of lind-
grenite as a very promising catalyst since reducing the amount of
methanol in the reaction process reduces biofuel costs.

3.5.4. Reusability of catalyst

We evaluated the catalyst stability during seven consecutive esteri-
fication reactions under optimized conditions: 5 h of reaction, 5 wt% of
catalyst, 393 K, and acid:alcohol molar ratio of 1:5. Fig. 9 shows the
results related to the conversions obtained with the reuse of lindgrenite.

It is possible to observe no significant variations in the conversion
over the first five cycles of catalyst reuse, obtaining values close to 96%
with a slight reduction of 3% and 11% in the sixth and seventh cycles,
respectively. It is worth noting that the only catalyst treatment between
the cycles was washing with hexane and drying for subsequent appli-
cation. A possible explanation for this reduction would be the addition
of organic compounds on the material’s surface, making it difficult for
active sites to interact with the reagents [59]. Therefore, these results
provide high stability to lindgrenite, a fundamental characteristic of
high-efficiency catalysts.

In the study by Pinto et al. [60], the molybdenum trioxide (MoO3)
was obtained by hydrothermal synthesis and had its catalytic perfor-
mance evaluated by transesterification reactions of soybean oil, when
the catalyst also showed high stability. However, different experimental
conditions were used: oil:alcohol molar ratio of 1:45, 423 K, 0.5 wt% of
catalyst, and time 4 h.
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3.5.5. Proposed mechanism of esterification using the lindgrenite as a
heterogeneous catalyst

Based on the results of structural, vibrational, and morphological
characterizations of lindgrenite observed in this study, we proposed a
mechanistic model for the esterification of oleic acid (Fig. 10).

The high catalytic performance of lindgrenite observed in the
esterification of oleic acid with methanol is likely due to two processes:
The first, which we believe to be the main one, is based on the reactivity
involving the Brgnsted sites, occurring through the interaction of the
molecules of the substrate (oleic acid) with Cu-OH bonds, arranged on
the surface of nanoplates. This mechanism has been frequently reported
for heterogeneous catalysts, among them zeolites [57], silica [56],
kaolin [39], and 12-tungstophosphoric acid supported on kaolin [38].
The second proposed mechanism considers the reactivity of the sub-
strate with the transition metal (M = Mo and Cu), which exhibits acid
properties (Lewis acids), which were also presented in the reaction
models reported for other catalysts, such as molybdenum trioxide —
MoOs [60], ammonium molybdate — (NH4)2MoO4 [61], sodium
molybdate — NasMoO4 [50], and magnesium molybdate — MgMnO4
[62].

4. Conclusions

A novel catalyst, lindgrenite — Cu3(MoO4)2(OH)2, was synthesized
through sonochemistry at room temperature. The structural character-
ization by X-ray diffraction and Rietveld refinement confirmed that the
monoclinic structure (P21n) was the only phase present, showing the
following lattice parameters: a = 5.397(4) nm, b = 14.028(3) nm, and ¢
= 5.614(16) nm; unit cell volume V = 420.50(9) ;\3; and crystallite size
Dpq = 24.7(9) nm. All vibrational modes identified in Raman and
infrared spectroscopies corroborate the structural results of lindgrenite.
The images collected by scanning electron microscopy reveal the pres-
ence of urchin-like clusters composed of nanometric dimensions plates
with a surface area of 70.77 (1) m? g’l. The catalytic performance of
lindgrenite was evaluated through the esterification of oleic acid with
methanol, resulting in conversions higher than 96% under optimized
conditions: oleic acid:methanol molar ratio of 1:5, 393 K, 5 h of reaction,
and 5 wt% of catalyst, besides the high stability of the catalyst even after
7 cycles of reuse. The high catalytic activity recorded results from the
Bronsted and Lewis acidic sites, in which the first one would be more
influential. Therefore, this work indicates the feasibility of producing an

efficient and stable heterogeneous catalyst through a simple route for
application in biodiesel synthesis.
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