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Abstract: The distillate from the deodorization of palm oil (DDPO) is an agro-industrial residue,
approximately 84% of which consists of free fatty acids (FFAs), which can be used for the production
of fatty acid ethyl esters (FAEE). A catalyst (10HPMo/AlSiM) obtained from a waste material,
Amazon flint kaolin, was applied in the esterification of the DDPO, reaching a conversion index
of 94%, capable of maintaining satisfactory activity (>75%) after four consecutive cycles. Flint
kaolin is therefore proven to be an efficient option in the search for new heterogeneous low-cost
catalysts obtained from industrial by-products, contributing to the reduction of environmental impact
and adding value to widely available wastes that would otherwise be discarded directly into the
environment. Based on the catalytic results, esterification of DDPO using 10HPMo/AlSiM can be a
cheaper alternative for the production of sustainable fuels.

Keywords: kaolin; mesoporous; heterogeneous catalyst; esterification; waste valorization

1. Introduction

Since the discovery of the family of mesoporous molecular sieves known as M41S in
1992 [1,2], MCM-41 (Mobil Composition of Matter No. 41) has been the most widely studied,
due to its widerange of potential applications either as a catalyst [3] or catalytic support [4].
This is due to its combination of elevated surface areas and a well-defined pore size, which
can be controlled and stabilized, while it is also easy to obtain [5,6]. The preparation of
MCM-41 commonly involves sodium or ammonium hydroxide, hexadecyltrimethylam-
monium bromide (CTABr) as a driver and silica gel or tetraethylorthosilicate (TEOS) as
a source of silica [2,6-8]. However, the use of TEOS for obtaining MCM—41 has toxic
effect, and the materials involved in the process are expensive [7,9-11]. For economic and
environmental reasons, efforts to find new sources of inorganic silicates containing high
levels of silica at a low cost are increasing [12-14].

To circumvent such challenges, the use of alternative sources of silica, such as kaolin,
to replace commercial options, applied in the synthesis of mesoporous materials, reduces
the toxicity of the process and reduces costs, as they represent a natural raw material,
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that is both inexpensive and widely available [4,15-18]. The preparation of mesoporous
aluminosilicates from natural clay minerals has been investigated, due to the high silicon
and aluminum content used in the synthesis of these mesoporous materials [15,19,20].

In the Amazon, the production of kaolin generates significant amounts of tailings,
among which flint kaolin, FK, is deposited in the mine after the exploitation of soft kaolin,
generating major environmental impacts, as it mainly comprises clay mineral kaolin, and
contains high levels of silicon, aluminum, titanium and iron [21-23]. These low-quality
kaolinitic tailings have been used as a raw material in various chemical processes, including
as a catalyst [18,22,24-26], catalytic support [4,27], in zeolite synthesis [21,28,29] and as
mesopore [15-17].

New heterogeneous catalysts and catalytic supports have been developed for
application in the esterification of FFAs, including mesoporous silica [4,15-17,30],
clay minerals [4,18,22,24-26,31] and several catalytic supports with heteropoly acids
(HPAs) [4,15,30-35]. The HPAs are notable due to their high Brensted acidity and redox
properties [36,37], which favor the protonation of the carbonyl of FFAs during alcoholic
esterification [4,15,30,31,34]. Supporting an HPA in a suitable matrix is known to control
the strength and distribution of its active sites [36-38], and it can be applied in a wide range
of heterogeneous reactions, including the esterification of low-cost raw materials with high
FFA levels for the clean and efficient synthesis of mono alkyl esters (biodiesel), and with
water as a by-product [4,30,31,33,34,39-44].

Several previous studies have investigated the possibility of using low-cost raw
materials [4,16,26,31,45-48] which can potentially be applied in the synthesis of monoalkyl
esters [4,30,31,33,34,39-44]. Notable among these is a by-product from the refining of
vegetable oil, a distillate from the deodorization of palm oil (DDPO), around 84% of which
is made up of FFAs [4,16,26,31]. The use of these FFAs to generate coproducts with a higher
added value is a viable option for the mitigation of possible environmental impacts due to
the disposal of such waste [49]. In this case, heterogeneous acid catalysts can esterify the
FFAs into esters [4,16,26,31,50,51], and offer advantages such as separation and recovery at
the end of the process, as well as subsequent reuse capacity, while avoiding the generation
of secondary products and toxic effluents [4,30,31,34,40,43,52].

The use of 12-molybdophosphoric acid (H3PMo1,049, HPMo) functionalized on silica
(alternative source, FK) with a well-ordered hexagonal arrangement as an efficient acid
catalyst for the esterification of eugenol, was recently reported by our group [15]. This
study focused on the synthesis, characterization and application of a catalytic material
as a contribution to Green Chemistry, since this catalyst comes from residues which are
abundant in the Amazon region [15]. Therefore, the present work aimed to apply this
mesoporous material, with an ordered hexagonal phase, in addition to describing a purpose
for FK, to produce a low cost catalyst, anchored with HPMo in its mesopores [15], in the
DDPO ethanolic esterification reaction. The raw materials used were chosen due to their
low-cost and wide availability as waste in the Amazon region. Ethanol was used as it is
produced from renewable sources, unlike methanol, which is generally derived from fossil
sources [4,31,53]. The reaction between ethanol and DDPO (as a source of FFAs) was chosen
as both reagents have greener properties and are widely available for the production of
renewable FAEE.

2. Results and Discussion
2.1. Influence of Time on the Esterification Reaction of DDPO

The duration of the reaction process strongly influences the consumption of reagents
and the formation of products of interest. As expected, for the esterification reaction, the
initial conversion of 62% obtained 30 min after the start of the reaction gradually increased
over time (Figure 1a). The reaction conversion percentage was higher in the 30 to 120 min
intervals, with conversions varying from 62 to 94%, respectively. However, from 120 to
150 min, the conversion remained practically unchanged. The results obtained herein after
2 h of reaction were better than those obtained by Pires et al. [4] using 12-tungstophosforic
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acid supported on metakaolin waste (25%HPW /MK700) to catalyze DDPO, where after
2 h an 83% conversion to FAEE was obtained. Although Aranda et al. [54] achieved a 90%
conversion of DDPO in 1 h of reaction using HySOj as a catalyst, the disadvantages of
the homogeneous sulfuric acid catalyst are well known, such as its non-reusability and
corrosion of equipment characteristics. The results achieved in this study still provided a
better reaction time (<2 h) than other previously published studies [26,34,52,53,55,56].

100 - 94 - 100 4 94 95
(@) 87 = (b) 89
' = 80 =
. 80- 77 .
s = =
o o2 o
E 6019 == E 604
) a)
RS k)
S 404 40
§ s
g g
> 20+ 2 20
g g
O ]
0 T T T T T 0 T T T T
30 60 90 120 150 120 130 140 150
Reaction time (min) Reaction temperature (°C)
100 - (C) 94 95 100 ( d) 94 9I5
] 85 + 86
80 s —_—
o =r= 80
Shet N < 68
o =
2 & = 60 57
A ¥ Lo
o
95 = 41
o 40 p 40 4
2 5]
2 20 g 204
§ z
S g
@)
0 T T T T 0 T T T T T T
1:10 1:20 1:30 1:40 1 2 3 4 5 6
Molar ratio Catalyst amount (%)

Figure 1. Influence of reaction parameters on esterification: (a) reaction time, (b) reaction temperature, (c) molar ratio
DDPO: EtOH, (d) Catalyst amount. Reaction conditions: 1:30 molar ratio (DDPO: EtOH), reaction temperature 140 °C,
reaction time 2 h and 5% catalyst.

2.2. Influence of Temperature on DDPO Esterification Reaction

The effect of the reaction temperature was investigated, and the results are shown in
Figure 1b. The reaction was studied by varying the temperature from 120 to 150 °C without
altering the other experimental conditions. An 80% increase in conversion was observed
at 120 °C. At higher temperatures, the reaction attained equilibrium. with a conversion
of 94% at 140 °C. These results show that higher temperatures increase the kinetic energy
of the molecules, which accelerates the reaction, facilitating the mass transfer between
the reactants and the catalyst surface [57]. Therefore, the ideal reaction temperature was
determined to be 140 °C, lower than that required for other catalysts (150 to 210 °C) in
similar reactions [4,26,31,33,34,44,52,53,56,58].
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2.3. Influence of the Molar Ratio of DDPO and Ethanol in the Esterification Reaction

Theoretically, the esterification reaction occurs at a stoichiometric ratio of 1 mol of
FFA to 1 mol of alcohol, generating 1 mol of ester and 1 mol of water. As the esterification
reaction is reversible (hydrolysis), an excess of alcohol is required to drive the reaction
towards ester formation and avoid hydrolysis [4,22,24,26,31,51].

To study the influence of the substrate molar ratio, the reaction was carried out by
varying the DDPO: EtOH molar ratio from 1:10 to 1:40. According to Figure lc, the
conversion of DDPO increased with the molar ratio, reaching a maximum value of 94%
with the DDPO: EtOH molar ratio of 1:30. As the molar ratio increased, however, an
appreciable increase in conversion was not observed, which can be attributed to the
occurrence of the reverse hydrolysis reaction of part of the esters produced in the presence
of excess ethanol [4,30,31]. Thus, the 1:30 molar ratio was determined to be ideal for the
esterification reaction, achieving maximum DDPO conversion. It should be stated that
lower proportions, such as 1:10 and 1:20, were also used, attaining 80 and 85% conversion,
respectively, showing that the 10HPMo/AISiM catalyst maintained a strong catalytic
performance. This can reduce the production costs of the process on a nonlaboratory scale,
as less ethanol would be needed to promote the reaction. Even so, studies have shown that
a high molar ratio of 1:30, 1:40 or 1:90 is necessary to shift the reaction balance to a direct
basis, in order to achieve maximum conversion [27,31,33,34,37,38,40].

2.4. Influence of Amount of Catalyst on DDPO Esterification

Control experiments with AlSiM and HPMo were also carried out under optimized
conditions. At first, the esterification reaction of DDPO with EtOH without a catalyst
exhibited a conversion close to 20%, while the esterification reaction in the presence of
AlSiM did not reach 23%. Therefore, AlSiM alone is unable to promote a high conversion
during the esterification of DDPO, indicating that the catalytic activity is mainly due to the
HPMo present in AlSiM, which makes 10HPMo/AlSiM highly active. The same reaction
was carried out with the active amount of HPMo (64 mg) which converted 90% of DDPO
in homogeneous esterification.

Figure 1d shows the variation in the conversion of DDPO based on the amount of
catalyst during ethanolic esterification. The effect of the amount of the 10HPMo/AISiM
catalyst was investigated by the variation in the dosage, which varied from 1 to 6% by mass,
based on DDPO mass. It was observed that the DDPO conversion increased from 41 to 94%
as the catalyst dosage increased from 1 to 5%. A 4% load can be used without drastically
reducing the conversion of DDPO (86%), which shows the efficiency of the catalyst. An
additional increase in the amount of catalyst resulted in not significant changes in the
conversion of DDPO, indicating that 5% is the catalyst dosage that ensures the appropriate
number of active acid sites for the esterification of DDPO.

2.5. Comparison with Data from Literature

A comparison with other types of heterogeneous and homogeneous catalysts used
in the esterification of FFAs described in literature was performed (Table 1). The results
obtained in this study indicate that the catalyst has a strong potential for use in the esteri-
fication reaction of DDPO, a low-quality organic matter (see Table 1). The 94% observed
value for the conversion to esters during the esterification of DDPO with EtOH using
the 10HPMo/ AlSiM catalyst is close to the values of 62% [59], 90% [54] and 99.9% [45]
achieved by sulfuric acid as a catalyst, a substance which has well-known disadvantages.
Similar results were obtained using solid acid catalysts such as CsHPW /MCM (92%) [60],
MF954 (<93%) [26], BLMW (<94%) [31], with even better results than those reported
for MP-5-16 (15) (<82%) [30], 25% HPW /MK700 (83%) [4] and CrWO, and CrWTiO,
(<86%) [52,56]. However, the use of chromium is not environmentally friendly in compar-
ison with the aforementioned HPMo material. H3PMo/Al,O3 (97%) [33], AM41-2H-O
(98%) [16], HPMo/Nb;Os (99.9%) [34] were better than the results achieved in the present
study. Although all of the catalysts mentioned are reasonably efficient in the esterification
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reactions of FFA residues, with high conversion to esters, in most cases, higher temper-
atures (>140 °C) and longer reaction times (>2 h) than those of the present study were
necessary. In addition, the cost of the preparation of our material modified with HPMo was
low, since it used kaolinitic residue as a precursor to aluminosilicate, and we still believe
that it is more environmentally friendly.

Table 1. Comparison of the catalytic activity of 10HPMo/AlSiM with other catalysts for the esterification of different free

fatty acids.
Catalyst FFAs Alcohol M:R?2 coPb (h© (%) 4 Ref.
AI-MCM-41Si/Al =8 Palmitic MeOH 1:60 130 2 79 [3]
25%HPW /MK700 DDPO EtOH 1:10 200 2 83 [4]
AM41-2H-O DDPO MeOH 1:30 130 2 98 [16]
MF954 Oleic MeOH 1:60 160 4 98.9 [22]
MF854M4W15 Oleic MeOH 1:60 115 2/3 96.5 [25]
MF954 DDPO MeOH 1:60 160 4 92.8 [26]
MP-5-16 (15) CKO MeOH 1:8 140 5 82 [30]
BLMW DDPO EtOH 1:30 160 2 93.3 [31]
H,S0y4 Soapstock MeOH 1:18 50 14 99.9 [45]
CrWO, PFAD MeOH 1:2 170 3 86 [52]
CrWTiO, PFAD MeOH 1:2 170 3 80 [56]
H,S0y4 PFAD MeOH 1:3 60 3 62 [59]
H,S0, DDPO MeOH 1:3 130 1 90 [54]
CsHPW/MCM PFAD MeOH 1:15 85 4 92 [60]
10HPMo/AlSiM DDPO EtOH 1:30 140 2.5 94 Present work

a

Molar ratio; ® Temperature; ¢ Time; d Conversion of FFA, Methanol = MeOH.

Therefore, the reaction of esterification of DDPO with EtOH is accelerated by HPMo
as an active species (Bronsted acid sites) in the structure of AISiM, making the catalyst
reasonably effective. The results obtained using 10HPMo/AISiM as a catalyst for the
esterification of DDPO with EtOH are largely satisfactory, as the results are similar or
superior to those presented in literature using different reagents and catalysts (Table 1).

Finally, it must be noted that the costs of production of the catalyst from Amazonian
FK are encouraging. The use of this waste as a raw material for a low-cost silica source
for the production of catalytic supports proved to be quite feasible [15-17]. While in the
reaction EtOH was also used as a solvent and DDPO by-product as FFAs, all are raw
materials that have greener properties for sustainable FAEEs production [31]. Thus, the
use of industrial by-products, such as FK and DDPO, in the synthesis of new mesoporous
material and FAEEs makes production sustainable, reduces the environmental liabilities
caused by its disposal and adds economic value to waste.

2.6. Catalyst Deactivation and Recyclability

Recovery, stability and reuse are important aspects of heterogeneous catalysts [30,34,37].
The reuse of 1I0HPMo/AlSiM in the esterification reaction was analyzed for four successive
catalytic cycles under the optimal reaction conditions established in this study. The results
in relation to the repeated use of the catalyst are shown in Table 2.

Table 2 also shows the results obtained for DDPO conversion using the recycled
catalyst. A gradual reduction in DDPO conversion, from 94 to 74.6% in the fourth cycle,
was observed, results which are still superior to those of the autocatalysis (20%), indicating
that the material can be reused for several cycles and retain the potential to protonate
FFAs. The TOF values followed the same trend. This reduction in catalytic activity can be
attributed to factors such as loss of mass or even the blockage or destruction of pores by
remaining impurities, even after the purification stage (filtration, washing and drying), in
addition to the leaching of the active species of the support shown in Table 2 (as no amounts
of HPMo were added to the catalyst) [15,30,31,34]. The leaching of the active species (Mo)
from the reused catalyst was monitored by the XRF and UV —vis techniques [4,15,27,31,61].
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Table 2. Properties of acidity, leaching of active species and catalyst conversion during recycling.

Cycles (g ? (mmol H*g-1) b %MoO3¢  (mg)d  (ug)*© (%) (%) & (min—1) b
10HPMo/ AISiM - 5.84 7.40 20.8 0.60 2.88 94 244
10HPMo/AlISiM R1 2.34 5.41 7.37 20.2 0.55 2.72 90 221
10HPMo/ AISiM R2 2.17 5.21 7.36 19.7 0.58 2.95 84 217
10HPMo/ AISiM R3 1.93 5.05 7.36 19.1 0.58 3.01 79 216
10HPMo/AISiM R4 1.88 4.58 6.93 18.5 0.70 3.08 75 216

2 Dry mass of the catalyst recovered after each reuse cycle for 2 h at 140 °C (the reagents were always recalculated to maintain the same
conditions: DDPO: EtOH = 1: 30 and 5% catalyst); ® surface acidity calculated by titration; © XRF of the catalysts after tests; ¢ mass of HPMo
anchored in AlSiM measured by UV —vis; ® mass of leached HPMo detected by UV —vis; f percentage of leaching in the reaction medium;
8 conversion of DDPO; ! TOF (turnover frequency) = ((Conversion% x moles of DDPO fed) / (No. of mol of Mo species) x (reaction time));
No. of moles of Mo species = (mass of HPMo / 1825.25) x (95.95 / 1825.25) [15,30,31], according to the results of the UV —vis analysis;

R: refers to the reused catalyst.

The results of XRF analysis of the reused catalysts showed that the percentage content
of MoOs in the new and reused catalysts was practically the same, until the third reuse cycle
(see Supplementary Materials). Analysis of the reaction mixtures by UV —vis confirmed
there was leaching of active species (Mo) of close to 3% in all the reuse cycles. This can
be attributed to the loss of active sites during friction in the reactor during the reaction,
and also during the recovery process [15,30,31,34]. These observations ensure that HPMo
leaching from AISiM support is within acceptable limits (3%) [15,27,31]. The acidity
values of the reused catalyst measured by titration revealed a decline after each run, in
comparison with the new catalyst, which was consistent with the declining values of the
DDPO conversion (Table 2).

To verify the integrity of the catalyst after successive esterification reactions, it was
analyzed by the XRD, DRS and FTIR techniques after a fourth reuse cycle (Figure 2a—c).
Figure 2a shows the XRD of the 10HPMo/AlSiM and 10HPMo/AlISiM R4 catalysts. There
was a clear reduction in peak intensity corresponding to reflection (100), followed by the
absence of reflection (110, 200 and 210), a strong indication that the hexagonal mesostructure
had become disordered, [4,15,62], but was still preserved [4,62]. This was expected, since
the reactions were conducted under aggressive mechanical agitation and temperature
conditions [15,30,37,62].

(a)| acoy () 220 ()
o 793
s 10HPMo/AlSiM ’; 2932
P 1 2 :
= I0HPMo/AISIM = I0HPMo/AISIM R4 &
E e 3
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~— = S
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Figure 2. (a) Comparison of XRD standards, (b) DRS spectra, (c) FTIR spectra of the new catalyst and after the fourth reuse

cycle. R: refers to the reused catalyst.
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In the DRS absorption spectrum of 10HPMo/AlSiM-R4 shown in Figure 2b, broad
and less intense bands appeared at 220 and 324 nm, indicating the presence of HPMo
and the stability of the catalyst after the four reaction cycles [15,62-65]. Analyzing the
FTIR spectra of 10HPMo/AISiM—-R4 in Figure 2c¢, there was a marked presence of bands
in the 800 to 1100 cm ™! range, characteristic of HPMo with a Keggin structure, which
was maintained after the fourth catalytic cycle. Some new prominent adsorption bands,
such as at 2932 and 2852 cm ™!, were attributed to the symmetrical stretching of the CHj3
bonds, while a very discrete band, at 1465 cm~!, was attributed to the asymmetric CHs
deformation. The adsorption of organic molecules in the reused catalyst can be clearly
seen, and may involve impurities such as triglycerides and unsaponifiable matter present
in around 16% of the DDPO [4,16,26,31]. The adsorption of these molecules on the catalyst
surface contributed to the reduction of catalytic activity [31,66,67]. This is in line with
studies that demonstrated that catalysts with PAHs or other anchored solid acids could be
recycled and have been found to have effective recycling capacity [4,15,30,34,38].

Finally, through the use of FRX, UV-vis, DRX, DRS and FTIR techniques, it was
observed that active species were still present in the material, and it was concluded that
the hexagonal structure of the mesopore was preserved after the recyclability tests. From
previously published works [15,19,20] and the results achieved here with 10HPMo/AISiM,
it is possible to predict the use of AlSiM, synthesized at low cost, as a catalytic support to
be applied in other types of organic transformation reactions, operating in a predominantly
heterogeneous phase.

3. Experimental Section
3.1. Materials

All chemical reagents and solvents were analytical grade and used without fur-
ther purification. DDPO is a residue (viscosity at 60 °C = 12.296 mm? s~!; density
at 60°C=0.862¢g mL~1; water content < 0.5%; oxidative stability > 150 h; acidity
index = 177.15 mg KOH g~!) consists of 84.0-wt% free fatty acid (FFA) (42% palmitic,
41% oleic, 10% linoleic, 5% stearic, 2% lauric and 1.5% myristic), 12-wt% triglycerides,
diglycerides and monoglycerides and 4-wt% unsaponifiable matter [4,16,26,31], kindly
donated by Companhia Refinadora da Amazonia, Agropalma S/ A (Brazil). Flint kaolin
of the Capim River Region (Pard, Brazil) was used as Si and Al source and was kindly
supplied by the Institute of Geology-UFPA, ethanol (EtOH, 98%, synthetic grade,
Nuclear, Sao Paulo, SP-Brazil), hydrochloric acid (HCI, 37%, Fmaia, Belo Horizonte,
MG-Brazil) and sodium hydroxide (NaOH, VETEC, Rio de Janeiro, RJ-Brazil). The
preparation and characterization of the 10HPMo/AISiM were described in a previous
work [15].

3.2. Characterization of Fresh and Reused Catalyst

The chemical compositions of the samples were obtained with Shimadzu EDX-700
energy dispersive X-ray spectrometer (EDX; EDX-700, SHIMADZU, Kyoto, Japan), with
a rhodium X-ray source tube (40 kV, SHIMADZU, Kyoto, Japan). For each analysis,
approximately 500 mg (powder) of each sample was deposited in a lower sample holder
made of polyethylene film in order to determine the MoOj3 content present in the fresh and
reused catalyst.

X-ray diffraction analysis were performed on a Bruker D8 Advance diffractome-
ter (Bruker D8 Advance; Bruker Corp, Billerica, MA, USA), using powder method, at a
1° < 20 > 10° interval. Cu Ko (A = 1.5406 A, 40 kV e 40 mA) radiation was used.

Diffuse ultraviolet—visible reflectance spectroscopy (DRS) readings were recorded, in
the range of 200-500 nm, on a Shuimadzu UV —vis model ISR-2600 Plus spectrophotometer
(EDX; EDX-700, SHIMADZU, Kyoto, Japan).
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Fourier transform infrared spectroscopy (FTIR) spectra were obtained from a spec-
trophotometerof Shimadzu (Kyoto, Japan) model IRP Prestige-21A with a resolution of
32 and 100 scans and analyzed by Thermo Electron Corporation, IR 100 model with a
resolution of 4 and 32 scans. For the analysis of all materials KBr pellets were used and the
spectra were obtained in the region 4000-400 cm 1.

The leaching of the HPMo catalysts was performed in UV —vis equipment of Thermo-
scientific (Waltham, MA, USA), model Evolution array UV —vis spectrophotometer, with
200 to 600 nm scan and 30 scan resolution. The liquids were placed in a quartz tube.
The quantification of the HPMo leached in the reaction medium was made using the
analytical curve constructed from the postreaction solution (1 to 5 mg L~! of HPMo), which
was diluted with 0.1 mol L~! HCl to avoid any hydrolysis anion [PMo01,049]%~, with an
absorbance equation (y = 0.0999 + 0.0025) of Apmax = 310 nm and an excellent correlation
coefficient (R? = 0.9999) based on our previous studies [15,31].

3.3. Catalytic Activity

Prior to the experiments, the catalysts were activated at 130 °C for 2 h. Tests of
the catalysts were conducted in one run on a PARR 4871 multi-reactor (Parr Instrument
Company, Moline, IL, USA). In a typical experiment, the DDPO was mixed with alcohol
at a molar ratio of 1:10, 1:20, 1:30 and 1:40 (DDPO: EtOH) and 1, 2, 3, 4, 5 and 6% w/w
of the solid acid catalyst (as compared to the mass of DDPO). The reaction mixture was
stirred (500 rpm) and heated from room temperature to 120, 130, 140 and 150 °C. Once
the desired temperature was reached, the system was maintained for 30, 60, 90, 120
and 150 min, considered to be the kinetic contact time. At the end of the reaction, the
catalyst was separated from the reaction medium by vacuum filtration, and the excess
methanol and water produced were removed by evaporation at 120 °C. The percentage
conversion of DDPO to the corresponding ester was estimated by acid measurement of
the product by titration with 0.1 mol L~! hydroxide, according to the methods described
in the literature. [4,16,26,31]. Reaction parameters such as time, molar ratio, temperature,
and catalyst loading were optimized and evaluated. In addition, the recyclability of the
catalyst was assessed in the DDPO esterification reaction under the same conditions listed
above. At the end of each reaction cycle, the catalyst was filtered under vacuum, washed
with 50 mL of ethanol to remove residues and dried at 150 °C for 12 h. The catalyst was
reused in four reaction cycles.

4. Conclusions

Experimental investigations revealed that the 10HPMo/AISiM catalyst exhibited
excellent catalytic activity during the esterification reaction of DDPO with ethanol, reaching
a conversion of 94%. The XRF, XRD, DRS and FTIR characterization results for this material
confirmed the preservation of HPMo after the fourth cycle of reuse in the reaction, where
it exhibited a conversion rate of over 75%. The use of two industrial by-products—Flint
kaolin for the synthesis of mesoporous material and DDPO for the production of ethyl
esters—enables sustainable production, reducing possible environmental impacts arising
from their provision, in addition to adding economic value to such residues. The results
obtained were comparable with previously published results on the use of this reaction
and the availability of FK makes this material a promising alternative to those already used.
Thus, the results obtained in the present study encourage the search for varied applications
for both the 10HPMo/ AISiM catalyst and AlSiM support in oxidation reactions and heavy
metal removal, among others.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ catal11050604 /51, Elemental analysis by XRF of Table 2.
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