Supported sodium aluminate catalysts effectively catalyze biodiesel synthesis
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Abstract:

Strongly basic sodium aluminate (NaAlO2) was supported on titanium dioxide, y-alumina, and
hydrotalcite by impregnation. The resulting catalysts showed improved specific activity in the
transesterification of sunflower oil in methanol, as compared to the unsupported NaAIO2. Even with
small sodium aluminate loading (i.e. 2.3% up to 9.4%) valuables fatty acid methyl esters (FAME)
yields can be obtained. In particular, 9.4SA-HT shows the best catalytic activity achieving a 70%
yield after 240 min of reaction, with a mere catalyst loading of 1.5% wt (with respect to the oil mass)
in the reaction media. Innovatively, a detailed correlation between the amount, strength, and nature
of the basic sites and the support type is proposed. In particular, it is demonstrated that only a part of
the basic sites is effectively available for catalysis because of the already adsorbed atmospheric CO..
Thus, a combination of effective availability and strength of the active species is pivotal for a high

catalytic performance in the synthesis of biodiesel from triglycerides.

1. Introduction
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In our society, transport remains largely related to fossil fuel combustion, and the derived gaseous
emissions are damaging the environment as for example CO2, NOy, SOx and particulate emissions
for the automotive sector [1,2]. In the last decades, important research efforts have been made to
develop alternative fuels such as, for example, biofuels [3]. Among these, biodiesel can be obtained
from the transesterification of bio-based fat (i.e. triglycerides) with methanol. The resulting fatty acid
methyl ester (FAME) mix is a suitable fuel because it has lower overall exhaust emissions [4], it
doesn’t contain any sulfur compounds [5,6] and it has a superior flash point and biodegradability
[7,8]. Furthermore, it can be industrially produced at low temperatures, with a homogeneous or a
heterogeneous catalyst [9]. Industrially, the major technology is based on homogeneous catalysis (i.e.
strong bases or strong acids), which comes with several drawbacks such as equipment corrosion, soap

formation in the presence of moisture, neutralization costs for the large amount of wastewater [7,10].

“Several solid acid and basic catalysts have been developed for this reaction over the years, mainly
based on group I and group 11 elements but also on transition metals [11-13]. Acid catalysts have also
been investigated, mainly based on sulfated [14,15], sulfonated materials [16—18] or heteropoly acids
[19]. Focusing on basic catalysts, many reports deal with KF/ZnO,[20] K-Al>O3,[21] K/TiO2,[22]
MgO-based catalysts,[23-25] and Ca-based catalysts [26,27]. Researchers have also applied tailored
preparation routes to develop original biodiesel synthesis catalysts, such as for example formulations
based on supported ionic liquids and magnetic FezO4 [28], supported heteropoly acids [29,30], carbon
dots [31], alkali-doped MgO [32], SrZrOs [33], shaped ZnO nanoparticles [34], and porous Ca-Ce

mixed oxides [35].

Nevertheless, despite the huge amount of literature that can be found on the topic, heterogeneous
catalysis for biodiesel synthesis is not a breakthrough yet in industry [36]. In fact, although solid
catalysts have favorable characteristics (such as recoverability and reusability) and perfectly match

green chemistry principles, their preparation is often associated with non-cost-effective syntheses,



time consuming procedures that discourage a further development for the scale up. Actually, a truly

active, robust and economic heterogeneous catalyst is yet to come.

We recently [37] demonstrated that sodium aluminate, NaAIO: (SA), could be a promising catalyst
for biodiesel synthesis. It is strongly basic, cheap, and it doesn’t leach in the reaction medium. Indeed,
it outperformed strong and widely used heterogeneous basic catalysts such as CaO, Hydrotalcites,
KI-Al,03 or SrO, achieving almost 80% FAME vyield after only 60 min. However, SA also features
some drawbacks, such as its low specific surface area (which limits the amount of surface basic site
per catalyst mass) and its reactivity with moisture (which complicates storage and handling). To solve
these problems, a possibility is to disperse it on a suitable support. Despite the simplicity of this
reasoning, only a handful of papers discussed this possibility [38—42]. Moreover, the effect of the
nature of the support and the impact of SA loading onto the amount, strength, and nature of surface
basic sites was not elucidated. Studies that relate catalytic functions to surface chemical properties

are still needed in this domain.

In this work, we propose to investigate a series of hydrotalcite-, alumina- and titania-supported
sodium aluminate catalysts with an active phase loading in the 2.3 — 9.4 wt.% range, and to elucidate
the effect of the support on the resulting basic and textural properties. The latter are then correlated
with catalytic performances, allowing us to propose a unified explanation on the catalytic behavior

of these strongly basic materials.

2. Experimental Section

2.1 Catalysts synthesis

Catalysts with various sodium aluminate (SA) contents have been synthesized by a wet impregnation
(W1) technique. The selected supports are titanium dioxide (T, Degussa P25), Hydrotalcite (HT,
Kisuma 4T-U), and y-alumina (A, obtained by thermal transformation of commercial boehmite

(Dequasol®, Dequachim)). All the supports were calcined before being impregnated: 2 °C/min up to



110 °C and dwell for 3 hours; then 5°C/min to 450 °C and dwell for 5 hours. To target nominal SA
loadings of 2.3, 4.6, or 9.4 wt.%, the required amount of an aqueous sodium aluminate solution
(Natral®, Sodium Aluminate wt 23%, Dequachim) was mixed with 10 mL of distilled water in a
beaker, except in the case of TiO2 where 25 mL have been employed. Then, 5 grams of calcined
catalytic support was introduced to form a suspension that is progressively dried, under stirring, on a
heating plate at 90 °C. The drying was completed overnight in an oven under static air, at 120 °C.
The obtained powders were then calcined under static air conditions, in a furnace with the temperature
program. The catalysts are denoted: XSA-T, XSA-A, and XSA-HT, where “x” represents the SA
nominal weight loading, and where “T”, “A”, and “HT” denote the support used (titania, alumina, or

hydrotalcite respectively).
2.2 Characterizations techniques

X-Ray Diffraction (XRD) patterns were recorded using a Bruker D8 Advance diffractometer (Bragg—
Brentano geometry). Cu is the Ka source (A=0.15418 nm) at 1200 W (30 mA, 40 kV). The operative
parameters are the following: 20 range 10°-100°, step size 0.05° (20) and 1.5 s each step. The detector
is a Bruker Lynxeye XE-T. The identification of the crystalline structures was carried out using the

Pearson Crystal Database (PCD).

N2 physisorption experiments were carried out at 77 K using a Micrometrics Tristar 3000 instrument.
Prior to analysis, the calcined catalysts were degassed overnight under vacuum at 443 K. The
Brunauer-Emmett-Teller (BET) model was used to calculate the specific surface area (SSA, m?/g) in
the relative pressure range of 0.05-0.30. Total pore volume (Vp) was estimated from the desorption
branch of the isotherm at p/po=0.98 and the average pore diameter (Dp) was estimated from the BJH

model applied on the desorption isotherms.

Fourier Transformed Infrared Spectroscopy (FT-IR) studies were carried out on a Bruker Equinox 55

spectrometer from 400 cm™ to 4000 cm™. Backgrounds were recorded in ambient air. The samples



were mixed and crushed with KBr (0.5 wt.% of catalyst in KBr) and pressed to produce wafers of 0.5

g. Spectra were collected, in the transmission mode, with 140 scans and a resolution of 4 cm™.

DRIFTS studies were performed on the same instrument. A background was collected before each
measurement with an aluminum mirror. Before each measurement, catalysts were dried at 120 °C —
then, a first spectrum has been recorded. Then, the sample was heated to 400°C in a He flow and held
at this temperature for 1 h to remove weakly adsorbed species. After cooling to 60 °C, a 2" DRIFT
spectrum was recorded. The subtraction spectra reported and discussed below were obtained by

subtracting the second recorded spectrum to the first one.

X-ray Photoelectrons Spectroscopy (XPS) analyses were carried out at room temperature with an
SSI-X-probe (SSX 100/206) photoelectron spectrometer from Surface Science Instruments (USA),
equipped with a monochromatic Al K X-ray micro focused source (1486.6 eV). Samples were
deposited onto sample holders with adhesive tape and then placed on an insulating ceramic carousel
(Macor®, Switzerland). Charge effects were avoided by placing a nickel grid above the samples and
using a flood gun set at 8 eV. The binding energy scale was calibrated by fixing the C-(C,H)
component of the C 1s peak at 284.8 eV. Data were analysed with the CasaXPS program (Casa
Software Ltd., UK). The peaks were decomposed into a sum of Gaussian/Lorentzian (85/15) product

function after subtraction of a Shirley-type baseline.

Carbon dioxide temperature-programmed desorption (CO2-TPD) experiments were conducted on a
CATLAB instrument (Hidden) equipped with a QGA mass spectrometer for gas analysis. The catalyst
powder (85 mg) was introduced in a quartz reactor and degassed at 400 °C for 1h using a heating
ramp of 10 °C/min in flowing helium (50 mL/min). Next, the sample was cooled to 60 °C and exposed
to a 15% CO2-Ar (50 mL/min) mixture for 90 min. The samples were finally purged in flowing Ar
for 90 min at the same temperature. During the TPD experiments, the sample was heated from 60 °C
to 800 °C using a heating rate of 5 °C/min, in an Ar flow of 50 mL/min. The amount of desorbed CO-

was obtained by integration of the desorption profiles and referenced to the calibrated signals for
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known volumes of analyzed gases. As a reference, CO.-TPD was also performed without
pretreatment, using the same procedure, but omitting degassing procedure (i.e. heating up to 400 °C
prior to the CO> adsorption step, is not applied). In another variation of the experiment, the TPD step
was interrupted at 400 °C (instead of 800 °C). In this case, the catalyst powder was stored in vacuum

for further investigations (i.e. catalytic testing, see below).

ICP-AES analyses were carried out on an ICP Thermo Scientific 6500 instrument after dissolution of

the catalyst (=100 mg) in a metaborate solution (LiBO2+Li2B407).

2.3 Catalytic transesterification of sunflower oil

Catalytic tests were carried out in batch, into a double necked 50mL flask. 150 mg of dried catalysts
were introduced in the flask with 5.5 mL of methanol (Alfa Aesar, > 99%), and the flask was placed
in a silicon oil bath at 60 °C. The mixture was stirred at 450 rpm for 45 min to reach reflux conditions.
In parallel, 10 g of commercial sunflower oil were heated at 100 °C for 45 min (to remove the
moisture) and subsequently cooled to 60°C. Then, the oil was added to the MeOH/catalyst mixture
and left reacting for 4h under vigorous stirring and reflux conditions. A sampling (equivalent to 100
mg), with a syringe, was applied at 20 min, 60 min, 120 min, 180 min and 240 min. Finally, the
catalyst was separated from the liquid by centrifugation at 10,000 rpm for 10 min. For GC analysis,
the reaction medium samples were processed as follows: 100 mg of the mixture was dissolved in 5
mL of n-Hexane (Roth, > 99%) and 500 uL of the internal standard (Octyl acetate (Sigma Aldrich, >
99%), Cis =17 mg/mL) was added. 2.5 mL of the resulting solution were filtered and placed in

dedicated GC vials.

The aliquots were analyzed with a Gas Chromatograph (GC-FID) Bruker SCION 456 equipped with
an Agilent IlU DB-FATWAX 30 m, 0.25 mm, 0.25 pum column. The injector temperature was set at

250 °C with a split ratio of 20. The oven temperature was raised with a 10 °C/min ramp from 150 °C
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to 240 °C. FID temperature was set at 250°C. All the Fatty acid methyl esters (FAME) involved in
the reaction were calibrated by using a FAME mixture (certified reference, F.A.M.E. Mix, C4-C24,
Supelco) and calculating response factors. Consistent with the sunflower oil composition (according
to the British Pharmacopoeia database, it contains palmitic acid (5%), stearic acid (6%), oleic acid
(30%) and linoleic acid (59%)), the main detected peaks were: methyl palmitate (C17:0), Methyl
palmitoleate (C17:1), Methyl stearate (C19:0), Methyl oleate/Methyl elaidate (C19:1n9 trans + cis)
and Methyl linoleate/Methyl linolelaidate (C19:2n3 + C19:2n6) (see example of chromatogram in

Fig. SO). The biodiesel yield was evaluated as follow:

FAME Yield (FY%) = X (Cirame) / Cmix

Where Cirame is the sum of all the methyl esters concentrations quantified via the chromatogram,
Chmix Is the concentration of the reaction mix and it corresponds to 20 mg/mL. Every injection was

repeated 3 times and values were averaged. Experimental relative error was evaluated at ~4%.

Leaching tests were carried out by rapidly removing the catalyst after 20 min of reaction, by means
of 2 centrifugations at 10.000 rpm for 10 min. The catalyst-free mixture was then put again under
reaction conditions (60 °C, stirring, reflux). After 60 min, 120 min, 180 min, and 240 min the mixture
was sampled (100 mg) with a syringe and prepared to be analyzed via GC-FID with the previously

described procedure.

Reusability tests have been carried out by running the reaction for 60 min, then separating the catalyst
by centrifugation. The catalyst was washed three times with methanol and three times with n-hexane
(5 mL each time) followed by filtration. The powder was either dried for two hours at 140 °C and

tested again, or dried for 45 min at 140 °C, calcined at 450 °C for 60 min and tested again.
3. Results

3.1 Catalyst characterization
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ICP analyses (Table 1) revealed that the Na content was slightly and systematically lower than the
theoretical values. This suggests that the actual precursor concentration in the impregnation process

was slightly lower than announced by the manufacturer.

Tablel: elemental analyses, specific surface area, and basic sites quantification (by CO,-TPD).

Sample NaAlO: SSA Pore Basic sites Total basic

%? (m?/g)  volume (mmol CO2/gcar)® sites

b (cmd/g) Weak Medium Strong (mmol

¢ (0-400°C) (400-650°C) (650-800°C) CO2/geat)

T / 40 0.17 0.017 0.007 0.005 0.029
2.3SA-T 2.2 30 0.28 0.122 0.014 0.012 0.148
4.6SA-T 3.9 25 0.35 0.244 0.116 0.025 0.385
9.4SA-T 6.4 15 0.15 0.259 0.110 0.024 0.393
A / 290 0.62 0.013 0.012 0.003 0.028
2.3SA-A 2.3 210 0.42 0.126 0.018 0.016 0.16
4.6SA-A 3.6 175 0.37 0.257 0.019 0.018 0.294
9.4SA-A 6.6 110 0.26 0.390 0.148 0.055 0.593
HT / 220 0.77 0.373 0.100 0.069 0.542
2.3SA-HT 19 160 0.19 0.234 0.087 0.024 0.345
4.6SA-HT 4.8 70 0.13 0.120 0.281 0.035 0.436
9.4SA-HT 6.9 40 0.09 0.118 0.247 0.069 0.434

awt % measured by ICP analysis, NaAlO, amount is calculated from Na content, and considering that all the Na is
present in the form of NaAIO, ° Specific Surface area calculated by means of BET method on adsorption branch ¢
Average pore volume evaluated on the adsorbed volume plot; on the top of the isotherm at p/po = 0.98 adsorption

branch 9evaluated by integrations of TPD profiles, the total is the mathematical sum reported in the last column.



XRD patterns for the studied catalysts are reported in Figure 1. The patterns of TiO based catalysts
showed the presence of both anatase tl12 (PCD n. 1960485) and tP6 rutile (PCD n. 1838255)
crystalline phases. No peak related to NaAlIO2 oP16 (PCD n.313636) was found, even at the highest
loading i.e. 9.4% wt. A similar situation was found in alumina-supported catalysts, where all the
peaks present in the XRD patterns were attributable to y-Al.O3z defective spinel cF56 (PCD n.
454845). In hydrotalcite-supported catalysts, the typical crystalline phase of calcined hydrotalcites
(i.e. non-stoichiometric defective spinel, PCD n. 1932778) was detected. Interestingly, the pattern of
9.4SA-HT revealed a peak at 20 = 32.4 ° that is attributable to a hydroxycarbonate with the similar
structure of dawsonite NaAI(OH).COs; (PCD n. 1632877). In fact, although it is reported that
dawsonite decomposes under 400°C [43], the release of CO, from its structure continues up to 650
°C, and it has been also studied as trapper for carbon dioxide [44]. Thus, it is possible that CO> is
partially retained in a sort of partially crystalline hydrated carbonate. The peaks at 20 = 18.8, 20.5,
38.1, already noticeable on 4.6SA-HT, can be assigned to the structures of the NaAlO,*5/4 H,0 (PCD
n. 1101228) and Na,O*Al,03*2.5H,0 (PCD n.1729290). Although the hydrated form of NaAIO;
normally decomposes after 150°C [45], its presence is related to the strong hygroscopic behavior of
the material. Because the crystalline cell is the same, i.e. tP42, and the stoichiometry of the sample is
complex, the presence of the mixed oxide phases cannot be excluded. Finally, no shift has been
observed among the patterns of the support phases, meaning that the crystalline structure of the

supports was not affected by the introduction of sodium aluminate.
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Figure 1: XRD patterns of calcined catalysts, panel A refers to titania-based catalysts, panel B refers to alumina-based
ones and panel C refers to the hydrotalcite supported catalysts.
N> adsorption/desorption isotherms at 77 K and the corresponding BJH pore size distributions are
shown in Figure 2. All isotherms exhibited a hysteresis loop and are conform to the IUPAC
classification for mesoporous materials [46]. Titania based catalysts showed type IV isotherms with
a H3 type hysteresis loop (appearing at p/po = 0.85-1.0), suggesting the presence of slit-like pores
resulting from interparticle voids [47,48]. Thus, the drop in specific surface area upon increasing the
SA loading (see Table 1) was mainly due to the progressive filling of the interparticle space. Alumina-
supported catalysts clearly showed type 1V isotherms, with type H2 hysteresis loops, underlining
complex pore structures strongly influenced by network effects. The steep desorption branch at p/po
= 0.65 is a feature that can be attributed to pore-blocking in a narrow range of pore necks (5.9-6 nm).
The pore volume linearly decreased from 0.62 cm®/g to 0.26 cm®/g with the SA impregnation loading,
indicating that the pores were progressively filled by the sodium aluminate. As reported in Table 1,
the specific surface area (SSA) also progressively declined, and the pore diameter progressively

decreased from 7 to 5 nm. Hydrotalcite-based catalysts showed type IV isotherms, and the pristine
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support presented a H3 type hysteresis loop that is typical of non-rigid aggregates of plate-like
particles and multimodal pore distribution (e.g. clays) [49]. Upon SA addition the loop turned into a
H4 type that is typical for hierarchically porous materials [50,51]. In parallel, the SSA dropped
markedly (Table 1) upon increasing the sodium aluminate loading. Accordingly, pore volume
decreased from 0.77 cm®/g to 0.09 cm®/g. Finally, a common feature is the abrupt hysteresis loop
closing at p/po~ 0.45, indicative of the tensile strength effect, and indicating the presence of pores

smaller than 3.8 nm [52,53].

500 A B | C
9.45A-A
400 9.45A-T 4.65A-A 9.4SA-HT
4.65A-T | 1 4.65A-HT
300 T

o
o
o

/ S —_—
-," f“—‘ ] .

/i R
/
) P e e = g
- -~
. P
y T T

o
o

Quantity adsorbed (cm? /g*STP)

(=1

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
Partial pressure (p/p,) Partial Pressure (p/p,) Partial pressure (p/p,)
D E F
__0.06- . g
E
=
“C!'!
50044
()]
£
2
g
v 0021 4.65A-T
o 2001 9.45A-T
> 4.6SA-HT
E 7 e 9.4SA-HT
0.00 +—= T g v = ' ) T T T T
0 20 40 60 80 40 50 0 10 20 30 40 50
Pore diameter (nm) Pore diameter (nm) Pore diameter (nm)

Figure 2: N2 physisorption isotherms of the prepared catalysts (A, B, C) and pores size distributions (D, E, F) obtained

via the BJH model applied on the adsorption isotherms.

The FTIR spectra of the synthesized materials are reported in Figure 3. For all the synthesized
catalysts upon increase of the sodium aluminate content, additional stronger bands were detected in
the 1400~1560 cm™ region; these bands are attributed to the presence of different carbonate species.

Concomitantly, smaller signals due to the lowering of the carbonate’s symmetry and consequent
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activation of the vy (splitting of the site group) vibrational mode of carbonates are revealed at ~1100
and 964 cm™. Moreover, IR spectroscopy revealed the typical vibrations of the supports. Broad bands
at 720 and 612 cm™ are well noticeable on titania -based catalysts, attributed to the vibration of Ti**
ion coordinated by oxygen ions. Vibration mode for adsorbed water was found with the band at 1642
cm™ [54]. Upon increase of the SA content the Ti-O bands become less resolved, with a progressive
shift of the maximum from ~ 612 cm™ to 512 cm™ probably indicating a distortion of the bonding
due to the SA introduction. The skeletal IR spectrum of y-Al>203 shows two broad and intense bands
in the medium IR region at 588 cm™* and 799 cm™* as widely reported in the literature and attributed
to the complex AlI-O-Al bending stretching vibrations typical for defective spinels [55]. Absorbed
H.0 vibration band was detected at 1640 cm™. For hydrotalcite supported catalysts the three maxima
at 473, 660 and 823 cm™ are assignable to the complex lattice vibrations of the Al-O and Mg-O bonds

in the spinel defective cubic cell, typical of calcined hydrotalcite materials [56].
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Figure 3: FTIR skeletal spectra (KBr pressed disks) of the calcined catalysts

Surface composition was studied by XPS, and a complete table related to the identification and
quantification of the relevant species is reported in Sl, Table S1, together will all the relevant high-
resolution spectra (Fig. S1-S4). Insights related to the modification of the surface after the addition
of sodium aluminate can be gained from the observation of the O 1s and C 1s peaks. High-resolution
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spectra of O1s region for TiO2 based catalysts (Fig. S1) was modified upon SA loading. The first
feature at ~ 529 eV can be ascribed to lattice oxygen (Ouattice) [57] While the one at ~ 531 eV is
classically attributed to hydroxyl groups (—OH) [58] of TiO> surface. Interestingly, the 531 eV
component clearly increases upon introduction of NaAlO». This effect is also underlined by the fact
that its concentration increases from 6.73% for TiO2 to 15.51% for 9.7SA-T. Besides, considering
the C 1s region (Fig. S4), the former feature at BE ~ 289 eV, related to carbonates species [59],
becomes also more intense when the content of sodium aluminate is increased. Thus, correspondent
increase of 531 eV O 1s, Na 1s and 289 eV C 1s components can be ascribed to the increasing
presence of bicarbonates at the catalyst surface, in full agreement with drift analysis (vide infra).
Nevertheless, looking also at the C 1s high resolution spectra (Fig. S4) of the other catalysts, the
feature at BE ~ 289 eV becomes generally more intense when the content of sodium aluminate is
increased. Correlation between this component and the SA content is reported in Figure 4A. Pristine
HT showed a carbonate concentration of 2.78%. With respect to the other supports, this value is
higher, despite no SA has been impregnated yet, this is because of the intrinsic basicity of the material.
Instead, A-based catalysts revealed a slight increase of the carbonates surface concentration within
the SA content. To sum up, upon sodium aluminate introduction, an overall, although moderate,

increase of concentration of carbonates can be determined at the surface of all the catalysts.
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Figure 4: Surface characterization by XPS, leading to (A) an estimation of the surface carbon concentration arising from
carbonates and (B) various relevant atomic ratios to depict the dispersion of sodium aluminate on the various supports,
as a function of the loading. The dotted lines don’t have any physical meaning and are merely guides to the eyes.
The sodium surface concentration was also assessed by XPS and used to obtain insights on its
dispersion. In Figure 4B, different behaviours are observed for the three series of catalysts. On titania-
based ones, the Na surface concentration increases strongly already at low loading, and then tends to
level off, indicating that most of the active phase is likely concentrated at the surface. This aligns
perfectly with the non-porous nature of the titania support which also develops relatively low specific
surface area. For Al>O3 supported catalysts, a linear trend is observed up to 4.6%SA. Instead, for
9.4SA-A a less pronounced increase of Na/Al-Na ratio is observed. This effect can be correlated to a
the pore filling of the support, leading to a considerable decrease in the specific surface area (SSA).
In contrast, the hydrotalcite-based catalysts show a linear trend with the increase in SA content,

suggesting that the support has a higher capability to accommodate and disperse the active phase.

CO,-Temperature Programmed Desorption (CO.-TPD) measurements provide access to quantitative
and qualitative evaluation of basic sites [60]. Figure 5 shows the CO,-TPD profiles for all the prepared
catalysts. As often done in the literature [61-63], we propose to consider CO2 molecules that are
desorbed under 400°C as adsorbed on weak basic species. Then, the medium-strength basic sites are
released between 400 and 650°C and desorption occurring after 650°C corresponds to strong basic
sites. The basicity was dramatically modified by the introduction of sodium aluminate over the
pristine supports. Over titania-based catalysts, a first peak was found with a maximum at 128 °C, due
to the presence of weakly bonded CO> molecules at the surface. Upon increasing the SA content
another contribution appeared at higher temperature (300-400 °C) and grew more intense. This
feature is probably due to the CO> release by means of the weakest basic species. After 400 °C,
stronger species are detected, such as monodentate or polydentate/bulk species [61]. On xSA-T
catalysts, three desorption features can be described at 498-525 °C, ~600°C, and ~775 °C. A similar

trend is observed over alumina-based materials, where a first peak appears in the range 120-136 °C.
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This peak obviously grew in intensity (and shifted slightly towards higher temperatures) when SA
content increased. Furthermore, this desorption tail was observed up to 300°C for all the XxSA-A
catalysts, disclosing the presence of medium strong basic species. In the high temperature region, two
peaks were clearly detected, at 522 and 712 °C, revealing the presence of two well distinguished
strong basic species. Finally, hydrotalcite-supported catalysts yielded more complex desorption
profiles, basically due to the fact the support itself already shows a marked basic behavior.
Interestingly, not only the basic sites quantity is enhanced (as underlined by the quantification
reported in Table 1), but also the desorption temperatures are strongly modified upon addition of
sodium aluminate. In fact, while the peak at 120 °C remained almost unchanged among the different
catalysts, the more intense and broader desorption events occurring between 150 and 300°C (weak
basic sites) were progressively suppressed upon SA increase. On the contrary, the peak found at 526
°C on the pristine support (medium-strength basic species), was increased in intensity and shifted to
560-570 °C, upon SA loading. At the same time a clear shoulder appeared around 600°C and a sharp
peak at 708 °C is clearly detected for 9.4SA-HT while the highest temperature peak at 789 °C is
almost unvaried. All in all, it is clear that sodium aluminate introduced different typologies and
quantities of basic sites, depending on the support, and it strongly modifies their features depending

on its loading.
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Figure 5: CO, TPD measures for the T-based catalysts, panel A, A-based catalysts, panel B, HT based catalysts, panel
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Since the detection of carbonates is strictly related to the basic behavior of the catalysts surface,
attempts to further describe the nature of these basic sites were made by DRIFTS analyses (Figure
6). First, spectra obtained immediately after a drying step at 120 °C (i.e. same conditions as when we
use the catalysts in the transesterification reaction) are shown (continuous lines) to reveal the basic
sites that are already occupied by atmospheric CO2. Second, spectra obtained after a degassing step
at 400 °C (dot lines) are reported, showing the carbonates that remain because they are more strongly

bonded to the surface.

On titania-based catalysts, after the drying step, it is possible to detect the presence of surface OH-
groups with a broad and intense band in the 3000-3600 cm™ region. These vibrations are not related
to the carbonate species. However, at the same time, bicarbonate anions HCO3™ were found with the
typical vibrations due to vVOH, SOH and vC=0 modes at 3695, 1640, 1460 cm™ [61]. Surprisingly, on
4.6SA-T and 9.4SA-T there was a lowering of the vOH vibration mode, producing a more evident
peak at 3290 cm™. This is probably due to the distortion and rearrangement of the bicarbonates at the
catalyst’s surface when their amount is increased. Indeed, bicarbonates bands were drastically
reduced after the degas at 400°C, meaning that they are weakly bonded to the surface (as suggested
by literature [64]). The bonding of the carbonates to the catalysts surface caused some distortions in
the doubly degenerate asymmetric C=0 stretching vibration v, normally found in its free ion mode
at 1415 cm, causing a frequencies splitting, i.e. the so called Avs splitting. The extent of this splitting
is often used to discriminate among the different types of adsorbed carbonates in IR spectroscopy.
Introducing sodium aluminate made the region between 1640 and 1370 cm™ more complex, with the
rise of several absorption bands. Two vibration modes at 1570 and 1370 cm™ were detected,
highlighting the presence of monodentate or chelated carbonates (Avs ~100 up to 200) [65]. Looking
at the spectra obtained after degassing (dotted lines), these bands remained stable, meaning that they
are related to species adsorbed on relatively strong basic sites. With the increase of SA loading, the

rise of the bands at 1826 and 1778 cm™ is ascribed to the formation of polydentate/bulk carbonate
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species [66]. These species are still detectable after the degassing treatment meaning that they
correspond to strongly adsorbed species. Finally, the vibration with a maximum around 1415 cm*
became more noticeable with the SA content increased, and it can be correlated with the shoulder in
the range 1670-1640 cm™®. Considering the wide Avs (~ 250 cm™®) these frequencies can be attributed

to the presence of bridged carbonates [66].

In alumina-based catalysts, a similar trend was revealed. Firstly, on the bare support and on 2.3SA-
A, surface hydroxyls and bicarbonate anions (3690 and 1645 cm™ respectively) were detected. As
confirmed by their disappearance after the degas, these species are related to weakly bonded CO>
molecules, thus to weakly basic sites. With the increase of SA content, monodentate (1385, 1570 cm”
1y and polydentate/bulk (1777 cm™) carbonate species clearly raised and remained relatively stable

after the degassing step.

In hydrotalcite-supported catalysts, the basic properties of the pristine support were confirmed by the
presence of complex and wide signals in the region 1350 cm™ — 1650 cm™. In agreement with TPD
measurements, introducing the sodium aluminate strongly reduced the contribution of weak species,
namely bridged carbonate species with vibrations at 1645 and 1375 cm™. In fact, their intensities
generally dropped in the spectra recorded after the degas procedure, confirming their weak nature.
On the contrary, SA introduction enhanced the contribution of stronger species such as monodentates
in the region 1390-1570 cm™ (that are clearly still present on the spectra recorded after the degas
step). Finally, even here, a component is detected at 1775 cm™ on 4.6SA-HT and 9.4SA-HT,

suggesting the presence of polydentate/bulk species.

To sum up on the DRIFTS results, SA introduction deeply changes the basic properties of the
catalysts, and the nature and extent of these modifications depend on the nature of the support.
Loading SA generally led to the formation of bridged carbonates (weak strength), monodentate/

bidentate carbonates (medium strength), and polydentate species (high strength) on titania- and
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alumina-based materials. Instead, on HT-based materials, SA introduction progressively formed

medium and strong species at the expense of weak species.
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Figure 6: DRIFT spectra recorded immediately after the drying step (continuous lines) and after degassing at 400 °C

(dotted lines) on titania-based catalysts (A), alumina-based catalysts (B) and hydrotalcite-based catalysts (C).

3.2 Catalytic behavior

All catalysts have been tested in the transesterification of commercial sunflower oil with methanol,

using a catalyst/oil mass ratio of 1.5 wt.% (Figure 7). Whatever the support used, the FAME vyield

(FY) clearly increased with the sodium aluminate content. Looking at the three catalysts with the

highest SA loading, 9.4SA-T, 9.4SA-A and 9.4SA-HT reached a FY of 48%, 56%, 70% at 240 min,

respectively. These results are in fully agreement with basic sites evaluation by TPD and DRIFTS
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measures. In fact, the higher catalytic activity seems to be strictly related to the amount of medium

and strong basic sites rather than the weak ones (vide infra and see also Table 1).

The potential contribution of homogeneous catalysis (leaching) was verified by hot filtration tests of
9.4SA-T, 9.4SA-A and 9.4SA-HT (Fig. S5). While over titania and alumina supported catalysts a
minor homogeneous contribute cannot be excluded, HT based catalyst don’t release any active

species in the reaction media.
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Figure 7: FAME Yield versus time plots, panels A, B, C refer to the comparison respect with the SA loading.

9.4SA-HT, with only a 9.4%wt of SA, i.e. 14.1 mg of NaAlO> loaded in the reactor, yields up to 70%
were achieved after 240 min. Meanwhile, if pure sodium aluminate, which as previously identified
as an outperforming catalyst among the heterogeneous ones [37], is used as the catalyst, i.e. 150 mg
of NaAIO; loaded in the reactor, a FAME vyield of 92% is reached after 240 min (Fig. S6). When the
amount of sodium aluminate is adjusted to have the same active phase loading as in the test with the
9.4 wt.% catalysts (i.e.14.1 mg of pure SA) the yield was only 2%. Such value was slightly lower
than expected but this can be explained by experimental bias such as small amount of powders
sticking to the reactor walls under vigorous stirring. Importantly, the comparison of the tests done
with the same amount of NaAlOg, either pure or supported, shows unambiguously that the dispersion
on a support results in enhancing markedly its catalytic activity (Fig. S7), and we attribute this to the

formation of more basic surface sites.
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The reusability of 9.4SA-HT was explored by testing the catalyst in two consecutive reactions (Fig.
S8). When applying only washings and drying after the first run, the activity dropped markedly in the
second run. However, when also applying a regenerative calcination the activity decreased only
slightly, pointing to the presence of organic residues as the main cause for deactivation [37]. Further

optimization of the regeneration for these catalysts is needed.

Our findings can be juxtaposed with existing literature that explored the utilization of supported
sodium aluminate catalysts in transesterification reactions [67—71]. The catalytic data are reported in
Table S2. Remarkably, 9.4SA-HT stands out among other catalysts reported. In fact, although it
attains a 70% biodiesel yield within 4 hours while alternative catalysts achieve from 80% to 99%
yield in 2-3 hours, the latter require either i) 3.5 to 20 times more catalyst in the reaction or ii) up to

10 times more sodium aluminate loading.

To further correlate catalytic activity and basicity, depending on the support nature, we plotted the
FAME vyield at 60 min (i.e. where conversion is still far from completion, but where significant
amounts of FAME can be detected and quantified) versus the quantity of basic sites, expressed as
mmol of CO: per g of catalyst, and classified as weak, medium-strong and strong (Fig. 8). Catalysts
based on TiO: exhibited a consistent correlation between yield (ranging from 7% to 12%) and
quantity of weak, medium, and strong basic sites (denoted in panels A, B, and C) for both 2.3 wt.%
and 4.6 wt.% of SA. Intriguingly, while there are no significant changes in the relative abundance of
basic sites when the loading is further increased to 9.4 wt%, the catalytic activity is higher (20%) for
9.4SA-T. In the case of alumina-based catalysts, a linear relationship emerges between the quantity
of weak basic sites and the FAME yields (ranging from 1% to 24%). In the case of 9.4SA-A, a
substantial increase in the quantity of medium and strong basic sites (combined increase from 0.037
to 0.203 mmolCO2/geat) results in a significant jump in the FAME yield from 7% to 24%. This
observation suggests that for 2.3SA-A and 4.6SA-A, the catalytic activity is primarily governed by

weak basicity, leading to relatively low activity and correspondingly low FAME yields. Similarly,
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over catalysts based on hydrotalcites (HT), the increasing FAME vyield (from 3% to 28%) obtained
when increasing the SA loading is concomitant with a decrease in the quantity of weak basic sites
(reducing from 0.234 to 0.118 mmolCOa/gcat). This effect underscores the fact that these weak basic
sites are not involved in the transesterification reaction. Conversely, the quantity of strong basic sites
(panel C) notably increases (from 0.024 to 0.069 mmolCO2/gcat) with higher SA loading, significantly
correlated with an increase in the FAME vyield. In summary, the analysis demonstrates that the most
influential factor for achieving a higher FAME vyield is the presence of the strongest basic sites, i.e.

those with desorption temperatures surpassing 650 °C.
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Figure 8: Comparison between the FAME yield gt 60 min and the amount (considering weak (A), medium (B) and
strong (C) basicity) of basic sites respect to the SA loading, starting from 2.3, 4.6 and 9.4%, respectively.
In the end, it must be noted that the pristine supports with a much less pronounced basicity such as
TiO2 and Al203 did not catalyze the reaction in our experimental conditions. This is not surprising,
considering that medium and strong basic sites are not detected by TPD and DRIFTS analyses. What
was more surprising was the lack of activity for the calcined hydrotalcite, notoriously a quite active
catalysts in base catalyzed transesterification [49,72]. We hypothesized that this was due the fact that
a majority of the basic sites of HT were already occupied yet by environmental carbon dioxide. Thus,
additional TPD experiments were conducted without any pre-treatment. Specifically, CO> adsorption
was applied directly without prior degassing, and then followed by CO. desorption up to 400°C.
Additionally, we conducted TPD measurements with fresh samples (not degassed, not saturated with

COy) on both HT and 9.4SA-HT (Fig. 9). The resulting TPD profile allowed us to assess the amount
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of COz adsorbed from the environment on the catalyst surface. This represents catalytic sites that are
already occupied and, therefore, inactive in the reaction. On the other hand, the TPD profile obtained
after CO, adsorption is aimed to detect both the pre-existing CO2 on the catalyst and the CO>
introduced onto the available basic sites during saturation. These calculations are carried out as for
previously mentioned TPD measures, however the values are not directly comparable because no
degas pretreatment has been foreseen, so number of available catalytic sites can differ. By comparing
the two curves, it is possible to determine the basic sites that are actually available for the
transesterification reaction. Thus, although on pristine HT several weak and strong basic sites are
present, only some of them are effectively available for catalysis i.e. total of 0.175 mmolCO2/gcat and
the amount of available medium and strong sites only accounts to 0.025 mmolCQO2/gcat. In fact, most
of them, as clearly shown in panel A, are weak species (maximum temperature of desorption = 120,
305, 328 °C). On the other hand, on 9.4SA-HT the total amount of effective sites is much higher, i.e.
0.247 mmolCOa/gcar) and a significant fraction (0.130 mmolCOa/gcar) corresponds to medium and
strong basic sites, with peaks at 470, 561, 694 and 787 °C. To further understand which of these
catalytic sites are more responsible for the catalytic activity, a TPD measurement was repeated on
9.4SA-HT and interrupted at 400 °C, and the resulting catalyst was subsequently tested in the
transesterification reaction. In this way, only the sites that have been free through the desorption of
CO- are available for the reaction. As expected, after such interrupted temperature-programmed
desorption, the maximum yield obtained is strongly affected; almost half the original one at 240 min
(Panel C, Figure 9). In fact, this phenomenon could be imputed to the fact that most of the strong
basic sites are still poisoned and thus inactivated by CO. As confirmed by previous results, the
population of the basic sites in the medium and strong region is the most responsible of a higher

activity in the transesterification reaction.
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Figure 9: Panels A and B show TPD measures with only CO; adsorption and its desorption steps (black line), and only
CO, desorption steps (red line) for HT and 9.4SA-HT. Panel C shows the FAME Yield for 9.4SA-HT after the selective

poisoning of two different families of basic sites.

4 Discussion

From the results presented above, it appears that the intrinsic basicity of these catalysts depends both
on the nature of the support and on the sodium aluminate loading. As shown in Figure 10, the two
features are reciprocally influenced. Comparing the catalysts with the same nominal SA loading but
different supports, a different distribution of basic species appears. Over titania based catalysts,
sodium aluminate introduces more weak and medium species and this effect increases as the SA
loading increases. Meanwhile, strong basic sites remain relatively low. Over alumina-based catalysts
weak species are predominant on 2.3SA-A and 4.6SA-A while on 9.4SA-A medium and strong
species are suddenly introduced. Looking at the hydrotalcite-based catalysts, sodium aluminate

progressively suppresses weak basic sites while it majorly enhances medium strength species.
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Figure 10: diagram depicting the relationship between the type of support, the amount of sodium aluminate introduced
and their influence on the basic character of the catalysts.
The ionic structures of these supports show surface’s defects that remain exposed and coordinatively
unsaturated. To stabilize these high surface free energy points, reactions with molecules from the
environment (e.g., water and COz) occur. Therefore, hydroxyl groups and surface carbonates are
formed. On the oxide surface, Brgnsted basic sites abstract a proton from a Brgnsted acidic molecule.
This process generates an anion that also needs to be stabilized by adsorption. In that sense, Brgnsted
basicity requires the presence of Lewis acidity to adsorb the conjugated base of the adsorbed acid
molecule. Similarly, as depicted in Figure 11, when a Lewis base adsorbs a Lewis acid, neighboring

Lewis acid sites stabilize the resulting anions (e.g. carbonates).
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Figure 11: Scheme of stabilization deriving from acido-basicity of ionic oxides

Following the same reasoning, in the catalysts reported in this work, the presence of medium and
strong basic sites is strictly related to NaAlIO2 or Na2O/Al>O3 because they both have Brgnsted basic
species (unsaturated sites in Na-O bonds from Na in NaO, tetrahedra and/or NaOs octahedra) and
Lewis acid sites (exposed AI®* sites in Al-O bonds of AlQ4 tetrahedra [55]). This proximity probably
leads to the suppression of the weak basic species, as in hydrotalcite based catalysts, and to the
emergence of a series of strong basic sites. Besides, on supports such as TiO, and Al;Os, the
introduction of sodium aluminate radically changes the behavior, introducing both strong sites but

also weak species deriving from the highly hydroxylated surface.
5 Conclusions

Sodium aluminate-based catalysts are promising material for the transesterification reaction of
vegetal oil, in the perspective of the sustainable production of biodiesel. Hydrotalcite-supported
catalysts are truly heterogeneous, and even with small quantities of sodium aluminate (i.e. 2.3% up
to 9.4%) valuables FAME yields can be obtained. In particular, 9.4SA-HT shows the best catalytic
activity achieving a 70% vyield after 240 min of reaction, with a mere catalyst loading of 1.5% wt
(with respect to the oil mass) in the reaction media. The effect of the support as well as the effect of
SA loading have been investigated. A wide materials characterization revealed that over titania based
catalysts, sodium aluminate introduces mostly weak (bicarbonates and bridged carbonates) and
medium (bidentates and monodentates) basic sites. This effect increases as the SA loading increases
but not linearly. Over alumina-based catalysts the same weak species are predominant on 2.3SA-A
and 4.6SA-A, but on 9.4SA-A medium and strong species such as monodentates or polydentates are
introduced. Looking at the hydrotalcite-based catalysts, sodium aluminate progressively suppresses
the weak bridged carbonates while it majorly enhances medium strength species as monodentates or

polydentates. Correlating the FAME yield at 60 min and the relative amount of the different types of
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basic sites the predominant role of the strongest basic sites (i.e. desorption temperature > 650°C) is
evident. Thus, monodentate and/or polydentate carbonates play a major role. However, the poisoning
of basic sites by environmental CO2 must be considered to understand the link between basicity and
activity. Although 9.4SA-HT has fewer total basic sites than its pristine support (hydrotalcite), its
effective amount of available strong sites is far higher than in latter. Thus, high catalytic performances
for supported sodium aluminate catalysts are related to a combination of basic site strength and their
effective availability during the reaction. Noting that environmental CO; has a relevant impact on
catalytic activity, future works could study the impact of different storage atmospheres (i.e. dry air,
inert, poisoned by CO.) or tailored activation procedures on the amount of effectively available

catalytic sites and on relative catalytic activity.
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