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Editorial

Advances in the Catalytic Conversion of Biomass Components
to Ester Derivatives: Challenges and Opportunities

Domenico Licursi

Department of Chemistry and Industrial Chemistry, University of Pisa, Via Giuseppe Moruzzi 13,
56124 Pisa, Italy; domenico.licursi@unipi.it

Sustainable conversion of biomass feedstocks into valuable bio-fuels and bio-products
plays a strategic role within modern industrial catalysis. However, despite the diversified
possibilities already available and well developed on a laboratory scale, it is necessary to
focus the potentially interesting bio-products at the next industrial scale, in the perspective
of the concrete realization of the coming process intensification. The final application of a
bio-product represents an essential prerequisite to define its potential industrial interest,
but this is not enough to justify its effective production on a larger scale. To solve this
bottleneck, one-pot biomass conversion approaches, carried out under the mildest con-
ditions, using robust catalysts, and high biomass loadings, should be preferred. In this
context, the esterification pathway fully fits all these requirements, and the exploitation
of ester derivatives is already attractive in many fields of applied and industrial research.
These aspects are of paramount importance and have been discussed more in-depth in
the introductory Editorial of this Special Issue, focused on the identification of the main
improvable key aspects for achieving the intensification of the esterification processes, but
extendable to many other biomass conversion strategies [1].

In the first work of this Special Issue, de Oliveira et al. [2] have investigated the acety-
lation of eugenol with acetic anhydride, deepening the catalytic activity of a mesoporous
catalyst, synthesized from 3-mercaptopropyltrimethoxysilane functionalized Amazonian
flint kaolin, a kaolinitic waste residue disposed in the mine shortly after exploration. This
work is well-supported by the value of the final product, eugenyl acetate, which can be
used as a natural and efficient larvicide. In addition, the authors rightly claim some typical
strengths, such as good stability, recyclability, and high catalytic activity of their catalyst,
which was synthesized following the criteria of simplicity, low cost, and environmental
sustainability. As a concluding remark, I highlight the well-developed discussion about the
characterization of the synthesized catalyst.

Another valuable exploitation possibility of ester derivatives is certainly in the field
of the oxygenated bio-fuels, and alkyl levulinates are attractive for this purpose. An-
tonetti et al. [3] have studied the one-pot butanolysis of the autohydrolyzed-delignified
Eucalyptus nitens wood to n-butyl levulinate, adopting n-butanol as the green reagent/reaction
medium, very dilute sulfuric acid as the homogeneous catalyst, and comparing microwave
and traditional heating systems. To achieve the optimization of this reaction, the authors
have developed a face-centered central composite design, experimentally validating their
model at the optimal operating conditions for n-butyl levulinate production. In addition, a
preliminary study of diesel engine performances and emissions for a model mixture with a
composition analogous to that of the main components of the reaction mixture, has been
proposed, to draw an indication of its potential application as an additive for diesel fuel,
resulting in a relevant reduction in CO and soot emission. Certainly, the main strength of
this work is the well-balanced synergy between catalysis and the development of the butyl
levulinate application as a novel oxygenated bio-fuel, which is a topic of great interest and
actuality. Moreover, the high biomass loading (20 wt%) adopted in the butanolysis reaction
represents an eligible aspect from the perspective of the high gravity approach, which is
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conducive to the next process intensification. Similar conclusions have been claimed by
Raspolli et al. [4] for the conversion to n-butyl levulinate of a Cynara cardunculus L. (cardoon)
waste residue, obtained after seed removal for oil exploitation. Additionally, MW-assisted
hydrolysis of the same biomass to levulinic acid was also investigated and optimized. In
this context, an interesting section of the manuscript deals with the characterization of
reaction by-products and the purification of the synthesized levulinic acid. The achieved
results confirm that eco-friendly reaction conditions can be adopted for the conversion of
low-cost residual cardoon both to the carboxylic acid or to its ester derivative.

Even cyclic esters, such as γ-valerolactone, are receiving considerable attention as
bio-fuels, food additives, solvents, and drug intermediates. In the specific case of γ-
valerolactone, its synthesis occurs via reduction and lactonization of the above mentioned
levulinic acid, but it requires the development of low-cost, performing, and easily regen-
erable catalysts. Developing this approach, Luo et al. [5] have synthesized a series of
Ni-Fe/SBA-15 catalysts, testing them for the catalytic hydrogenation of levulinic acid to
γ-valerolactone, carried out in the presence of methanol as the only hydrogen donor, and
investigating the synergism between Fe and Ni towards this reaction. The good catalytic
performances/stability, the low cost, and the easy synthesis/regeneration of the synthe-
sized Ni-Fe bimetallic catalysts are key aspects for the real development of γ-valerolactone
production on a larger scale, thus contributing to fill the existing gap between the academic
and industrial world.

From a different perspective, Wu et al. [6] have synthesized and characterized novel
MgO–Al2O3 mixed metal oxides decorated with Ni nanoparticles (Ni–MgO–Al2O3), which
have been tested on the Guerbet condensation reaction of ABE mixture into long-chain
(C5–C15) ketones and alcohols, which are important bio-fuel precursors. Ni nanoparticles
facilitate the dehydrogenation/hydrogenation process, whilst the activity of the condensa-
tion reactions is highly related to the acidity and basicity of the catalyst, which requires a
careful balance and optimization, depending on the desired product(s) of interest. In their
work, the authors have optimized the production of C5–C15 ketones and alcohols, after
optimization of the Mg/Al ratio and Ni loading. However, the wide modularity of the
involved ternary catalytic systems could be advantageously exploited to select the Guerbet
reaction towards the selective production of aldo-esterification products.

Bio-diesel production certainly represents another very hot topic in the field of es-
terification reactions. It is a biodegradable and renewable fuel, showing chemical and
physical properties similar to those of the petroleum-based fuels, and includes a mixture
of fatty acid methyl esters (FAMEs), but also other main other components, hitherto little
exploited. Applying the fractionation concept on the lipid component, Di Bitonto et al. [7]
have proposed the one-pot transesterification of methyl estolides extracted from the lipid
component of the sewage scum with methanol, to give methyl 10-(R)-hydroxystearate and
FAMEs. Transesterification has been optimized by the authors developing a three-level and
four factorial Box–Behnken experimental design, using AlCl3·6H2O or HCl as the catalyst.
In both cases, a complete conversion of methyl estolides into methyl 10-(R)-hydroxystearate
and FAMEs, was ascertained. The products have been isolated, quantified, and fully
characterized. At the end of the process, methyl 10-(R)-hydroxystearate was purified and
well-characterized by NMR spectroscopy. The high enantiomeric excess (>92%) of the
isolated R-enantiomer isomer opens a new scenario for the valorization of sewage scum
towards a multi-product sustainable biorefinery, thus achieving the complete valorization
of the lipid fraction present in the starting feedstock. In fact, in addition to FAMEs, already
well known as green and performing bio-fuels, methyl 10-(R)-hydroxystearate can be a
valuable source of 10-(R)-hydroxystearic acid, a chemical used in the manufacturing of
lubricants and cosmetics, and this new approach smartly solves the drawbacks of its current
synthesis by enzymatic hydrolysis of edible vegetable oils.

In the last contribution, Kampars et al. [8] have proposed the use of MgO as the
catalyst for bio-diesel synthesis. MgO synthesis was carried out starting from magnesium
nitrate with ammonia, and calcination was performed at different temperatures in air, in
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the presence of PEG as surfactant and fuel, leading to active catalysts towards this reaction.
For most of these catalysts, FAME yield increased as the size of the crystallites of the
catalyst decreased. FTIR spectra showed that deviations in this relationship may be due
to the retention of incomplete calcination products on the surface of MgO. FAME and
intermediate yield dependence on oil conversion confirmed that all catalysts had the same
types of strong base sites that were necessary for the initialization of the transesterification
reactions. In my opinion, the proposal of MgO as a catalyst for bio-diesel production well
fits the general requirements and trends of the industrial catalysis, being eligible for activity,
stability, wide availability, low cost, and environmental sustainability.

In summary, these eight papers highlight the relevance of obtaining ester derivatives
for developing applications of great industrial interest, fully according to sustainability
and cost-effectiveness criteria. I would like to thank all the authors of this Special Issue
for their contributions, as well as all the reviewers for having improved the quality of the
submitted papers with their valuable comments. I am also grateful to all the staff of the
Catalysts Editorial Office for their helpful suggestions.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Nowadays, the solvothermal conversion of biomass has reached a good level of development,
and now it is necessary to improve the process intensification, in order to boost its further growth on the
industrial scale. Otherwise, most of these processes would be limited to the pilot scale or, even worse,
to exclusive academic investigations, intended as isolated applications for the development of
new catalysts. For this purpose, it is necessary to improve the work-up technologies, combining,
where possible, reaction/purification unit operations, and enhancing the feedstock/liquid ratio,
thus improving the final concentration of the target product and reducing the work-up costs.
Furthermore, it becomes decisive to reconsider more critically the choice of biomass, solvent(s),
and catalysts, pursuing the biomass fractionation in its components and promoting one-pot cascade
conversion routes. Screening and process optimization activities on a laboratory scale must be
fast and functional to the flexibility of these processes, exploiting efficient reaction systems such
as microwaves and/or ultrasounds, and using multivariate analysis for an integrated evaluation of
the data. These upstream choices, which are mainly of the chemist’s responsibility, are fundamental
and deeply interconnected with downstream engineering, economic, and legislative aspects, which
are decisive for the real development of the process. In this Editorial, all these key issues will be
discussed, in particular those aimed at the intensification of solvothermal processes, taking into
account some real case studies, already developed on the industrial scale.

Keywords: process intensification; alcoholysis; hydrolysis; solvothermal process; alkyl levulinate;
levulinic acid; 5-hydroxymethylfurfural; furfural; humins

1. Importance of the Solvothermal Processes for the Synthesis of Platform and Fine Chemicals

The use of biomass for the production of platform and fine chemicals is strongly imposing
as a valid alternative to the employment of traditional fossil sources [1]. However, despite the
progress achieved in the optimization and development of many carbohydrate-based processes, it is
still necessary to invest resources in research and development, to overcome the significant gap
between the academic and the industrial world, and this is possible only by improving the process
intensification [2]. Process intensification favors equipment size reductions, leading to enhancement
in chemical reaction kinetics, energy efficiency, process safety, minimization of waste generation,
and reduction in capital costs. Maximum atom-economy and minimum energy requirements are
fundamental features for the development of more sustainable and greener processes. For example,
in the hydrothermal processes, which fall into the broader solvothermal processes, the use of sub- and
supercritical water, as the reaction medium, provides a valuable and sustainable path for reducing the

Catalysts 2020, 10, 961; doi:10.3390/catal10090961 www.mdpi.com/journal/catalysts
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use of organic solvents. This technology can be integrated for the development of safer, more flexible,
economical, and ecological biomass conversion processes, in particular carbonization, liquefaction,
and gasification, which differ mainly in the adopted pressure, temperature, and residence time [3].
Moreover, hydrothermal technology offers the advantage of directly converting raw biomasses,
also those with relatively high-moisture content, without any energy-intensive pretreatment [4]. In the
last years, increasing research has been devoted to the optimization of hydrothermal processes,
in particular under sub-critical conditions, in the absence or presence of a suitable acid catalyst, for the
selective production of reducing sugars or platform chemicals. Some noteworthy examples are the
furanic intermediates, such as furfural and 5-hydroxmethylfurfural, deriving from the dehydration of
C5 and C6 carbohydrates, respectively [5], and organic acids (levulinic plus formic acids), resulting
from the rehydration of C6 furanic intermediates [6]. Most recent advances in the production of these
valuable platform chemicals will be discussed in the following paragraph.

2. Some Relevant Examples of C5 and C6 Derivatives of Industrial Interest

Nowadays, furfural is exclusively produced from the acid-catalyzed hydrolysis of the pentosan
fraction of lignocellulosic biomasses to xylose and its subsequent dehydration. Its industrial process
provides one or two separate steps, carried out in batch or continuous reactors, and in the presence
of a mineral acid as the reaction catalyst [7]. Due to the quick degradation of furfural occurring
in the liquid phase, it must be readily removed once synthesized and, for this purpose, traditional
separation techniques can be adopted, such as steam or nitrogen stripping, supercritical carbon dioxide
extraction, mono/biphasic solvent extraction, and adsorption on resins. Moreover, on an industrial scale,
significant technological improvements have been achieved, always aimed at minimizing its residence
time in the liquid phase, enhancing its concentration in vapor products, and effectively reusing the acid
catalyst [7]. Going towards a more intensified process development, also reactive distillation has been
proposed, adopting zeolite H-mordenite as the solid catalyst and xylose as the starting feedstock [8].
In this way, the immediate separation of furfural from the reaction system can be advantageously
achieved, minimizing the formation of undesired condensation products and leading to significant
heat integration benefits. The furfural market size is projected to grow from EUR 500 million in 2019 to
EUR 630 million by 2024, with Austria, Belgium, China, Dominican Republic, India, Italy, Slovenia,
South Africa, and US being the key market players, and with furfuryl alcohol, tetrahydrofuran,
maleic anhydride, 2-methyl tetrahydrofuran, and 1,5-pentanediol as the main derivatives, already
manufactured on a commercial scale [5]. Further, in the case of 5-hydroxymethylfurfural (5-HMF)
production, the formation of by-products, separation, and purification issues, as well as catalyst
regeneration, have been identified as major challenges [9]. To solve these drawbacks, many efficient
solutions have been continuously proposed, such as that of Yan et al. [10], who have performed the
continuous production of 5-HMF in a flow-reactor, achieving high yields, starting from fructose or
glucose, using HCl and AlCl3 as the catalysts and water as the reaction medium. Moreover, in this
case, high yields can be reached thanks to a very efficient extraction step, which allows the continuous
removal of this reactive furan from the reaction environment: the produced 5-HMF is extracted into the
organic phase in real time, thus avoiding its further degradation, while the unreacted carbohydrates
re-enter spontaneously into the reaction phase for another reaction cycle. Moreover, the authors have
performed a techno-economic analysis, demonstrating that 5-HMF could be produced at a minimum
selling price of USD 1716/ton and USD 1215/ton from fructose and glucose, respectively, which brings
motivation and a real chance for its further commercial production in greater volumes. The industrial
production of 5-HMF is already available and carried out by AVA Biochem [11], with a monophasic
water-based hydrothermal process, which has been optimized and acknowledged as sustainable,
efficient, and robust and certainly economically advantageous. In recent studies of environmental
sustainability assessment, the concrete feasibility of the 5-HMF oxidation to 2,5-furandicarboxylic acid
has been also demonstrated [12,13]. The latter is one of the 12 uppermost chemical building blocks,
which can be used for the production of polymers and resins, such as polyethylene furanoate, which is

6



Catalysts 2020, 10, 961

a promising substitute for polyethylene-terephthalate [14]. Acid-catalyzed hydrolysis of 5-HMF leads
to levulinic acid, another valuable platform chemical of great interest, and also an assessment of this
hydrothermal process has been recently evaluated and discussed, demonstrating its environmentally
friendly and neutral safety performances [15]. The interest in the scale-up of these hydrothermal
processes on an industrial scale is further strengthened by the continuous development of new
conversion strategies of the above platform chemicals into more added-value fine chemicals, which
are industrially more attractive, due to their ready-to-use applications [16,17]. However, considerable
improvement opportunities are possible, in particular finding more environmentally friendly solvents
for performing the reactions and the recovery of the desired product(s) and developing new catalysts,
aimed at improving the process efficiency and reducing the energy consumption. Besides the water
medium, involved in the hydrothermal approach, solvothermal processes can be also performed with
other green and sustainable solvents, such as alcohols, in some cases attaining remarkable advantages.
Taking into account the hydrothermal process for levulinic acid production as the reference example,
the main advantages of the alcoholysis route consist of (i) the development of more value-added
products, the alkyl levulinates, now exploitable as oxygenated additives for gasoline and diesel fuels;
(ii) an easier work-up procedures, generally by distillation, thanks to the lower boiling points of the
esters; and (iii) a reduced number of process units and enhanced performances of new technological
solutions, such as reactive distillation, conducive to the process intensification [18]. In this way,
it is possible to combine reaction and separation unit operations, allowing simpler, more efficient,
economical, and cleaner production processes. Further, in this case, worldwide techno-economic and
environmental assessment of alkyl levulinates production has been recently proposed, highlighting a
promising economic outlook of these bio-products [19].

Although solvothermal biomass processing has been recognized as a really promising technology
for converting lignocellulosic and waste biomasses into valuable bio-chemicals and bio-fuels, some key
aspects should be still considered, for improving the development of their industrial applications,
in particular in the perspective of the intensification process development. Some common drawbacks
of these processes are already well known, in particular the corrosion of the equipment, due to the use
of concentrated mineral acids for the catalysis, the precipitation of inorganic salts of biomass source
in the presence of sulfuric acid as acid catalyst, char/coke formation, associated with the presence of
unconverted biomass, and thermal decomposition of the bio-oil [20]. However, most of these problems
can be solved after an appropriate optimization study, preferring the use of heterogeneous catalysts in
the presence of a soluble substrate (for instance, when beverage or sugar industry waste is converted)
and, if this is not possible, adopting very dilute mineral acids, which must be properly recovered.
In the next paragraphs, we discuss more in detail about some additional choices, which should be
carefully done upstream of the process development, to significantly improve the next intensification
phase for the production of C5 and C6 derivatives on a larger scale.

3. Choose Strategic Reaction Components

3.1. About the Starting Biomass

First of all, the efficiency of the hydrothermal-solvothermal processes can be improved upstream,
choosing a starting biomass feedstock with a suitable chemical composition, depending on the
chemical process to develop. Given the importance of the catalytic upgrading of C5 and C6 sugars,
a promising biomass feedstock for the production of biofuels and bioproducts should have a good
content of carbohydrates and low recalcitrance to their conversion, which is favored by a low lignin
content [21–23]. Besides, biomasses of low cost, low input cultivation, and wide availability in the
territory should be preferred, even in laboratory investigations [24]. Lignocellulosic biomass comprising
of agricultural and forest residues (such as wheat straw, rice straw, rice husk, corn stover, sugarcane
bagasse) and energy crops are extremely attractive for these purposes. Even more so, at an advanced
stage of process intensification, an economic analysis of biomass supply chains, including collection,
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processing, and transport, is necessary for identifying the best plant locations that balance economic,
environmental, and social criteria, making all actors (farmers, investors, industrial entrepreneurs,
government) aware that success relies on agreement advances [25,26]. Flexible hydrothermal processes
are advisable, allowing the use of different kinds of biomass, an aspect of paramount importance
taking into account their certain seasonality. Even waste biomasses, such as food and cooked food
waste, can be effectively exploited to platform chemicals, compensating for seasonality issues of the
lignocellulosic biomasses [27]. Cellulosic waste materials from papermaking processes, which cannot
be re-used for the production of new paper, are valuable feedstocks for the synthesis of bio-products,
such as levulinic acid, thus saving the costs deriving from their traditional disposal in landfills or from
their use in waste-to-energy plants [28]. Hydrothermal treatment of sewage sludge is a promising
strategy for sustainable management, allowing its conversion into useful products, and simultaneously
mitigating the environmental risks [29]. In this case, besides the catalyst recovery issue, the recirculation
of the liquid effluent within the process could overcome the legal thresholds, such as chemical oxygen
demand (COD) and heavy metals [30,31]. These possible drawbacks suggest that European and/or
national legislation improvements are still necessary for allowing the development of this process
intensification [30,31].

3.2. About the Reaction Medium

Hydrothermal technology involves the use of water as the preferred green reaction solvent,
promoting the process sustainability, and shifting the attention towards the development of more
efficient and economical work-up strategies, such as solvent extraction, distillation, and/or membrane
separation. Process intensification provides the combination of multiple process tasks or equipment
into a single unit and the development of material/energy integration, as occurs for the production
of furans, such as furfural [32] and 5-HMF [9], and organic acids [33], such as the previously
mentioned levulinic acid [34,35]. Subcritical water represents a promising reaction medium for
successful biomass exploitation, due to its interesting physicochemical properties, at the typical
reaction conditions [36]. However, the replacement of water with an alcoholic solvent should lead
to bio-products of higher added-value, such as alkyl-glucosides/xylosides [37,38], alkoxymethyl
furfural [39], or the previously mentioned alkyl levulinates [40]. To improve the poor solubility of
biomass in water and organic solvents, ionic liquids and deep eutectic solvents can be effectively used,
exploiting their high solvation capacity towards the dissolution of carbohydrates and lignin, even in the
case of the raw biomass [41,42]. However, ionic liquids still suffer from several disadvantages, having
environmentally unfriendly aspects and requiring cost-intensive preparation procedures, whilst deep
eutectic solvents solve many of these disadvantages, in many cases being green, environmental-friendly,
and highly tunable. In particular, deep eutectic solvents have been recently proposed not only for
the pretreatment of biomass, mainly aimed at the delignification and solubilization of cellulose
and a decrease in its crystallinity degree, but also for their further conversion to added-value
bio-chemicals [43]. Some noteworthy examples are cellulose modification by acetylation [44],
cationic [45], and anionic functionalization [46], the dehydration of C5 and C6 carbohydrates to
furfural and 5-HMF, respectively [47], and cellulose oxidation to gluconic acid [48]. However, despite
the exciting performances, further research in this field is necessary, in particular for improving the
separation and the purification of these deep eutectic solvents, further lowering their cost, and justifying
their use on a larger scale.

3.3. About the Catalyst

Regarding the appropriate choice of catalyst, it should be made after that of the biomass,
and properly tuned, based on the reaction of interest. For example, the acidity of high-pressure CO2

can be advantageously exploited for biomass pre-treatment purposes, for improving the biomass
digestibility before enzymatic hydrolysis, or performing the hemicellulose fractionation by mild
autohydrolysis [49]. In both cases, cellulose and lignin components remain almost unaltered in
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the solid phase, which could be further fractionated and upgraded [49]. The use of CO2 as an
acid catalyst for biomass pre-treatments is certainly attractive, thanks to its non-toxicity, low cost,
and ready availability, but its acidity is generally insufficient to perform harsher acid conversion routes,
which require the use of stronger acid catalysts. From a practical and environmental perspective,
it is imperative to develop heterogeneous catalysts that are hydrothermally stable at the process
conditions. In this context, much work has been done, testing synthesized metal-based catalysts
on many transformations of C5 and C6 carbohydrates involving the breakage of the C-O bonds for
the synthesis of biofuels and bio-products, such as isomerization, dehydration, aldol condensation,
ketonization, and hydrogenation [50,51]. Based on our experience, Nb-based catalysts are particularly
promising for many of these purposes, showing excellent water tolerance, low cost, easy synthesis,
tunable compositions, good acid properties (acid types, amount, and strength), and promising surface
properties (specific surface areas, pore size, and volume) [52]. However, despite the numerous
advances in the development of efficient heterogeneous catalysts, these often suffer from uninspiring
performances due to mass transfer issues, deactivation due to cocking and water corrosion at the
reaction conditions, clogging of the active pores, poisoning, and recycling issues. Consequently, even if
new efficient catalysts are hourly synthesized and deeply characterized, their use for the synthesis
of base chemicals has been mostly limited to academic investigations. On the other hand, the use of
commercial catalysts, which are widely available and cheap, should be preferred for faster development
of the bio-product applications, focusing rather on the improvement of other parameters related to
the intensification process. The use of homogenous catalysts generally greatly improves biomass
accessibility, giving back a better product yield/selectivity. For acid-catalyzed biomass conversion
processes, the reactivity of a mineral catalyst is related to several prominent factors, such as its strength
and concentration, type/loading of the biomass, and reaction conditions, in particular temperature and
reaction time [36], and all these parameters should be properly considered and tuned, preferably by
multivariate optimization. In the case of the levulinic acid production, the safety assessment due to the
use of mineral acids does not present significant risks [15], whilst the catalyst recovery, together with the
isolation/purification of the product(s), both with minimum energy input, still represent a challenging
topic [6,20]. For example, the recovery of the acid catalyst within the levulinic acid process can be
carried out by flash separation, if volatile hydrochloric acid is the chosen catalyst, whilst organic solvent
extraction is still preferred to separate the product from the high-boiling sulfuric acid, which remains
in the water solution, ready to be reprocessed [53]. Instead, regarding product isolation/purification,
atmospheric/vacuum distillation and steam stripping are adopted for the separation of LA, which can
be obtained with a final purity of about 95–97% [17]. However, the high boiling point of levulinic acid
is not energetically favorable for distillation, and solvent extraction could be a viable alternative, but
the high amounts of solvent which need to be evaporated make also this operation energy-intensive
and costly [54]. Significant improvements are still possible in the work-up procedures, which are
decisive for further lowering the production costs of these bio-products.

4. Fractionate and Exploit Each Biomass Component

4.1. Selective Biomass Fractionation

Another aspect to be improved for achieving the best process intensification is the selective
fractionation of the biomass in its components, by optimizing each step, in agreement with the
biorefinery concept [55]. For example, reactive furanic compounds, such as furfural, must be produced
and recovered upstream of integrated processes, through very mild pre-treatments, and possibly
applying the key concepts of the process intensification. In this context, Zang et al. [56] have proposed
the biorefinery of switchgrass biomass for the integrated production of furfural, lignin, and ethanol.
The chosen reaction system is composed of a biphasic solvent [choline chloride/methyl isobutyl ketone],
with a deep eutectic solvent which enables the fast hemicellulose solubilization/conversion to furfural,
which is simultaneously extracted by methyl isobutyl ketone. Regarding the fate of the remaining
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fractions, cellulose is subsequently converted into ethanol by enzymatic hydrolysis, whilst lignin
is properly precipitated and recovered, for further added-value applications. Despite the use of
a biphasic system and the improvable extraction/purification of the lignin fraction, the developed
techno-economic analysis clarifies that the proposed biorefinery is still cost-competitive and has a
low-economic risk, with the reaction temperature and the solid loading having the largest impacts
on the minimum furfural selling price (estimated at 625 USD/t, in the best case of study). Another
interesting approach has been proposed by Rivas et al. [57], who studied the hydrothermal conversion
of eucalyptus (Eucalyptus globulus) to levulinic acid, the latter being further upgraded to γ-valerolactone.
In the perspective of developing an integrated approach, a mild hydrothermal pretreatment was
optimized upstream, which allowed the almost quantitative solubilization of thermolabile extractives
and hemicelluloses, recovering a cellulose-rich solid, which was subjected to harsher hydrolysis to the
desired levulinic acid.

4.2. Recovery/Exploitation of By-Products: New Trends

About the lignin component, many biomass-integrated biorefineries underestimate its importance,
considering it as a not particularly valuable by-product, more similar to waste, rather than a resource.
In the hydrothermal process for levulinic acid production, lignin is recovered as the main waste stream
at the end of the process, being a carbonaceous solid residue, or hydrochar, whilst simple phenols
are solubilized in the liquid phase. Regarding the solid hydrochar, it can be immediately used for
energy recovery, which is generally impactful for these processes. Alternatively, this hydrochar, which
is rich in hydroxylic and carboxylic functionalities [58,59], can be advantageously used to replace
traditional fossil-based polyols, for example, for the formulation of flexible polyurethane foams [60],
but also for applications as adsorbents, precursors of catalysts, soil amendment, anaerobic digestion
and composting, and energy storage materials [61]. On the other hand, the solubilized phenols can be
advantageously used as efficient antioxidants, as already demonstrated in the case of the hydrothermal
treatment of the Arundo donax L. [62], and their separation from the other compounds can be well
integrated with the available process technologies. The new lignin exploitation strategies are generally
carried out on the lignin solid residue recovered from the hydrothermal process of levulinic acid,
significantly improving the overall process economy, which is already rewarded by the levulinic acid
production, at the same time minimizing the waste disposal.

On the other hand, the lignin recovery could be even more advantageous if carried out upstream
of the integrated biorefinery, as provided by the available organosolv pretreatments, where an organic
solvent is used to extract lignin in its native form [63]. High-purity cellulose selectively remains in
the solid phase, but it is more prone to the following step of enzymatic/chemical hydrolysis, due to
the increased contribution of its amorphous phase. Instead, the extracted lignin can be precipitated
from the liquid phase by water dilution and recovered as a solid, while the hemicellulose fraction
remains in the liquid stream, thus achieving an efficient fractionation of the biomass in its components.
Focusing on the lignin fate, this component is less degraded, if compared with its downstream
recovery, and therefore the “upstream” lignin is more useful for the development of higher-value
applications, such as the production of carbon materials, vanillin and other oxidized compounds,
phenolic antioxidants, bio-oil, BTX hydrocarbons, urethanes, epoxy resins, fire retardants, sequestering
agents, nanomaterials, energy storage device, and many more [64]. The choice of “upstream” or
“downstream” recovery of the different fractions depends on the value of the primary target product,
which should pay off the whole process, and the possibility of obtaining economic surplus from
secondary streams must be down-to-earth and supported by feasibility studies.

Although hydrothermal/solvothermal reactions can be improved and optimized by choosing
appropriate reaction conditions and catalysts, some reaction by-products are inevitably formed.
An example of great interest is given by the furanic humins, which are condensation products of
C5 and C6 sources [65]. Their formation is particularly favored in the aqueous acid environment
and under harsh reaction conditions, like those which typically occur for levulinic acid production,
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but also for that of reactive furanic compounds from simple C5 and C6 sugars, e.g., furfural and
5-HMF, respectively [66]. Instead, alcoholic solvents generally stabilize these soluble furans in the
liquid phase, minimizing the next humin formation, growth, and precipitation [67], and therefore
alcoholysis results more advantageous for improving the selectivity to the target product and the final
carbon balance. As a further complication, if real lignocellulosic biomass is chosen as the starting
feedstock for developing the conversion of interest, the resulting final solid hydrochar should include
both the degraded lignin (as “pseudo-lignin”) of the biomass source and humins, the latter being less
important in the milder HTC processes [68]. All these by-products must be considered as a resource
rather than waste of the process, and new exploitation strategies must be developed, to lower further
the minimum selling price of the main bio-product(s) of interest, smartly completing the biomass
biorefinery [69]. Up to now, the best-known applications of carbonaceous hydrochar/humins include
energy production [70] and environmental remediation [71]. Besides, new possibilities have been
recently proposed for the exploitation of humins, such as the synthesis of new biomaterials [72–74],
syngas [75], and carboxylic acids [76,77]. Most of these applications have been developed by the
Avantium Company [78], which produces 5-HMF on a pilot scale and a new class of furanic building
blocks, called YXY, to use as bioplastics and biofuels, starting from first- and second-generation
feedstocks [79]. Therefore, it is clear that the efficient and diversified exploitation of humins should
improve the overall economy of their process. In our opinion, particular attention should be given to
the catalytic conversion of humins by hydrotreatment, aimed at their liquefaction, depolymerization,
and conversion into more valuable liquid chemicals, such as furanics, aromatics, and phenolics. For this
purpose, Wang et al. [80] worked at 400 ◦C, using Ru/C as the hydrotreatment catalyst, and formic
acid in isopropanol as the hydrogen donor, aimed at the selective production of substituted alkyl
phenolics and higher oligomers, together with naphthalenes, and cyclic alkanes. Now, Sun et al. [81]
have synthesized a Ru/W-P-Si-O bifunctional catalyst, testing it for the hydrotreatment of humins
to give cyclic and aromatic hydrocarbons. The authors declare a high yield to cyclic hydrocarbons
(up to 88.3%), working at 340–380 ◦C, and exploiting the cooperative catalysis between the nano-Ru
particles and the strong Lewis acidity of the solid W-P-Si-O, the latter catalyzing the Diels–Alder
reaction on the furan rings.

In the context of the developable applications of hydrochar/humins, the synthesis of furanic and
carboxylic acid derivatives with catalysts directly developed from waste and by-products of the same
hydrothermal/solvothermal processes represents a very hot topic, which should allow the improvement
of the process intensification, also applying the biorefinery concept and zero waste policies. Besides,
the heterogenization of the catalyst should be certainly advantageous for these processes, if the
synthesized catalysts result as performing, their precursors have a low cost or, even better, a negative
value, and the related synthetic procedures are simple. Sulfonation of bio- and hydro-chars deriving
from thermal (e.g., pyrolysis) and hydrothermal processes fully meet these requirements [82]. Their
use for some intensified biomass conversion processes has been recently proposed, including the
synthesis of 5-HMF [83], furfural [84], levulinic acid [85], alkyl levulinates [86], and other esters [87].
The available data for most of these mild reactions are promising and certainly deserve further research
and development.

5. Prefer Efficient Heating Systems

In order to study and optimize these hydrothermal reactions, microwave heating is certainly
one of the best choices, being more rapid, energy-saving, and cleaner than the traditional ones,
thus suggesting that such new heating systems could lead to more compact factories in the future [21].
In comparison with conventional heating, microwave irradiation has remarkable advantages, such as
fast heat transfer and short reaction time, selective and uniform volumetric heating performance,
easy operation, high energy efficiency, and reduced formation of by-products, especially in the
presence of highly reactive intermediates [88]. In addition to microwaves, also ultrasounds have been
proposed for the development of more sustainable and intensified biomass conversion strategies,
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advantageously exploiting their cavitation effects on many reaction systems. Up to now, this heating
technology has been mainly applied for performing mild biomass pretreatments, aimed at the intensified
recovery of reducing sugars [89,90], lipids [91], and lignin [92], also in combination with deep eutectic
solvents [93], or ionic liquids [94], thus achieving a more effective fractionation of the starting biomass
in its components. The efficient utilization of both microwave and ultrasound energy is expected
to improve significantly the product yield, efficiency, and environmental friendliness of biomass
fractionation processes.

6. Enhance the Concentration of the Target Product

Generally, hydrothermal processes benefit from the dilution of reagents, intermediates,
and products, achieving better control of the cross-reactions of the involved species, e.g., a higher
selectivity towards the target product. However, a low concentration of the target product would cause
too high separation costs in the work-up procedures and, for this reason, it is highly desirable to enhance
its final concentration in the reaction mixture, developing the high-gravity concept [95]. This goal can
be partially achieved by increasing the loading of the starting feedstock, as the solid/liquid ratio, which
positively impacts on the environmental performances of the process [31]. However, this choice is
not unconditionally beneficial beyond a certain biomass loading, favoring the excessive occurrence of
unwanted cross-reactions. For example, in the hydrothermal process for the production of levulinic acid,
the biomass loading is limited to 10–20 wt.% [96], whilst a higher one should give practical problems of
liquid recovery and promote the excessive formation of undesired solid humins [69]. On the other hand,
lower biomass loadings should make the hydrothermal processing economically unviable, due to the
high capital investment, power consumption, and heat loss. Therefore, achieving operational status
with a high solids loading is still a cumbersome task [97], despite that some practical solutions have
been proposed, such as using the pre-hydrolyzed feedstock and starch gels with cement pumps [98].

On this basis, it is crucial to tune properly both the catalytic performances (yield and selectivity)
and the final concentration of the target product, preferring the improvement of the latter. A smart
improvement of the product concentration could be achieved by performing sequential treatments of
recovered reaction mixtures with a new batch of feedstock. In the case of levulinic acid production,
this choice should allow achieving higher concentrations of this bio-product (~100 g/L) than those
obtained with only one batch experiment (<30 g/L) [96]. Further, in this case, it is necessary to balance
the product concentration and yield, the latter worsening excessively at very high concentrations of
levulinic acid. As previously stated for the reactive furans, another smart solution provides the use of a
[water-organic solvent] biphasic system, which stabilizes the reactive intermediates in the liquid phase,
improving the next LA production [99] and, if the organic solvent results as immiscible with water,
also allowing LA simultaneous extraction [100]. Alternatively, also the use of an uncommon biphasic
system [water-paraffin oil] has been recently proposed, where the latter is used as a non-solvent for
the compound of interest. This approach allows an increase in the levulinic acid concentration in the
water phase, also in this case with concentrations higher than 100 g/L, leaving enough liquid phase
to sustain the processability of a high loading slurry but reducing the water volume to be processed
downstream. Therefore, the target product can be easily recovered from the aqueous phase, whilst
the organic non-solvent can be advantageously recycled and reused, given its good thermochemical
stability [101].

7. Prefer Cascade over Stepwise Reactions

The synthesis of bio-products often involves multistep reactions, which can be carried out
(i) in a stepwise manner, e.g., separating and purifying the product from the reaction mixture
before performing the subsequent reaction or, more advantageously, (ii) in cascade, thus directly
using the intermediates deriving from the previous step to give subsequent reactions, without their
further isolation. The stepwise approach is widely used due to incompatible reaction conditions
between steps and the poor catalytic specificity and selectivity of the catalysts. Instead, cascade
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reactions occur directly, avoiding the isolation and purification of synthetic intermediates, and greatly
simplifying the operational procedure. The one-pot cascade approach is advantageously related to
atom economy, process time, labor and resource management, and waste generation [102], but requires
careful tuning of the catalyst properties. Such an approach is particularly attractive when a high
selectivity to the target product is desired and, for this purpose, the development of multifunctional
catalytic systems, with well-tuned chemical properties, is essential. Moreover, a worsening of the
final target product yield may occur, depending on the number and complexity of the involved
steps, making this choice extremely attractive, especially when easy conversion steps are required.
In this context, a wide and very hot topic is the improvement of mild biomass conversion processes,
by developing new catalysts with bifunctional Brønsted/Lewis acid–base properties, which should be
tunable in character and strength [103]. Many noteworthy examples are available from the literature,
including 5-HMF production through glucose to fructose isomerization, occurring over a solid
base/Lewis acid, and the subsequent fructose dehydration over Brønsted acid sites [104]; the following
levulinic acid production by harsher Brønsted acid-catalyzed hydrolysis of 5-HMF, but preferably
carried out in the cascade approach, starting from carbohydrate precursors [105]; the production of
polyols or alkanes via hydrogenation of glucose to sorbitol over metal catalysts and the subsequent
hydrogenolysis over metal-acid bifunctional catalysts [106]; the production of isosorbide from C6
carbohydrates via hydrogenation and dehydration, catalyzed by metal-promoted solid acids [107];
the γ-valerolactone production from xylose via Brønsted acid catalysis coupled with Lewis acid- or
base-catalyzed Meerwein–Ponndorf–Verley hydrogen transfer, in the presence of isopropanol as the
hydrogen donor [108]; the synthesis of 2-methyltetrahydrofuran by bimetallic-catalyzed hydrogenation
of γ-valerolactone or, even better, levulinic acid [109]; and the condensation/oligomerization of
C5/C6-derived bio-products to longer carbon-chain chemicals and their oxygen removal to give
liquid alkanes, by hydrogenation [110]. Considering the multiple processes involved, issues of
catalyst stability and economic feasibility remain essential priorities for the next development of the
process intensification.

8. Conclusions

Process intensification is a tool that can be very helpful for the development of low-cost processes,
with better use of physical spaces and low energy requirements. Chemical, technological, economic,
environmental, and regulatory questions have to be considered for improving the solvothermal process
intensification. Complete process integration is necessary to get significant cost advantages, preferring
the use of cheap and waste biomasses, direct conversion strategies, preferably in cascade, improving
the final concentration of the target product, rather than its yield (however maintaining an appreciable
yield), in the case of waste starting materials, and exploiting more efficient heating systems, such as
microwaves and/or sonication. The development of efficient and cheap heterogeneous catalysts
starting from low-cost or negative value precursors, preferably waste produced within the same
biomass biorefinery, still requires further research and development, whilst significant progress has
been done on the design of multifunctional catalysts for performing cascade reactions. Technological
limitations due to the purification of the product/recovery of the acid catalyst have been partially
overcome and do not seem to limit the development of the intensification of these processes. On the
other hand, environmental problems due to wastewater treatments and legal restrictions of certain
types of waste biomasses may slow down their development. Besides, simultaneously with the
optimization of the catalysis issue, other strategic business drivers should be taken into account for
evaluating the real feasibility of the biomass conversion process, such as biomass transportation cost,
agronomic parameters (productivity on a dry basis, input degree), and plant production capacity,
thus highlighting that an interdisciplinary life cycle sustainability assessment should be carefully
performed at an advanced stage of process development. An accurate evaluation of project feasibility,
capital and operating costs, revenues, and profitability measures is imperative, thus helping to bridge
the uncertainty associated with a lack of data on investments on larger-scale plants.
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Abstract: The present work was aimed to investigate the catalytic activity of a mesoporous catalyst
synthesized from 3-mercaptopropyltrimethoxysilane (MPTS) functionalized Amazonian flint kaolin in
the acetylation of eugenol with acetic anhydride. Materials were characterized by thermogravimetry
(TGA), N2 adsorption (BET), X-ray dispersive energy spectroscopy (EDX), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and acid-base titration. The results presented proved
the efficiency of flint kaolin as an alternative source in the preparation of mesoporous materials,
since the material exhibited textural properties (specific surface area of 1071 m2 g−1, pore volume of
1.05 cm3 g−1 and pore diameter of 3.85 nm) and structural properties (d100 = 4.35 nm, a0 = 5.06 nm
and Wt = 1.21 nm) within the required and characteristic material standards. The catalyst with the
total amount of acidic sites of 4.89 mmol H+ g−1 was efficient in converting 99.9% of eugenol (eugenol
to acetic anhydride molar ratio of 1:5, 2% catalyst, temperature and reaction time 80 ◦C and 40 min
reaction). In addition, the reused catalyst could be successfully recycled with 92% conversion activity
under identical reaction conditions.

Keywords: eugenol; acetylation; flint kaolin; mesoporous aluminosilicate; functionalization;
heterogeneous catalysis

1. Introduction

Aedes aegypti is an urban mosquito, which proliferates in areas of greater population density.
Because it is typical of tropical and subtropical regions, it is considered a potential transmitter of
the chikungunya, Zika virus (diseases that can generate other diseases, such as microcephaly and
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Guillain–Barré), in addition to dengue and urban yellow fever. [1–4]. One of the main measures to
prevent and combat Aedes Aegypti is with the use of insecticides and synthetic larvicides such as
organochlorines, organophosphates, and others, to prevent the infestation of the adult and larval
mosquitoes [1,3]. However, studies have shown that controlling the larval stage mosquito population
is a more effective alternative than insecticide use in adult individuals [2,4–6]. For this reason, several
researches are trying to develop new effective natural larvicides and insecticides, without toxic effect on
man and the environment [2]. In this context, excellent results against A. aegypti larvae using eugenol
and eugenyl acetate essential oils have been previously reported in the literature [2,4–6].

Eugenol is a natural product, belonging to the class of phenylpropanoids, found in greater
quantity in the essential oil of cloves (Eugenia Caryophyllata) and exhibits a wide variety of biological,
pharmacological and other applications, being a product of great commercial interest [4,5,7]. The interest
of the scientific community for eugenol is justified by the fact that it is a reactant for synthesizing
various natural and bioactive products through reactions such as acetylation reaction [4,8,9] or
benzoylation [10–12], within the scope of renewable resources. Eugenyl acetate obtained from eugenol,
even in small amounts, has been reported as effective against A. aegypti mosquito larvae at development
stage [2,4,6], being considered an efficient low cost natural larvicide [2–4,6,13].

The synthesis of eugenol esters often proceeds through homogeneous catalysis most often they are
toxic or dangerous, such as mineral acids, chlorides, pyridine and their derivatives and more [2,14–16].
In addition to safety considerations, these technologies are also inefficient due to additional waste
separation and treatment steps to isolate the product and thus are economically disadvantageous [10–12].
Although biocatalytic processes are alternative and environmentally friendly, to obtain the ester, in many
cases it presents low capacity of reuse, making the process costly [5,17,18].

The development of solid catalysts is no longer seen simply in terms of cost and energy efficiency
optimization, but as a clean technology [19]. The use of heterogeneous acid catalysts offers advantages
over homogeneous ones such as solids recovery and recycling, as well as reducing environmental
impacts [20–30]. Given the growing environmental problems, it is highly desirable to use heterogeneous
catalysts in place of traditional homogeneous ones (corrosive, toxic and expensive) [10,17,24,31,32].

MCM-41 (Mobil Composition of Matter No. 41) mesoporous molecular sieves have been the
most studied member of the M41S (Mobil 41 Synthesis) family. Their physical properties such as
high pore volume and thermal stability, uniform pore diameters (from 1.5 to 10 nm) and large surface
area [22,26,33–35] allow them to be applied as, heterogeneous catalytic supports and catalysts for
several areas [24,28,33–35]. Generally, MCM-41 is synthesized using different sources of silica such as
sodium silicate, tetraethylorthosilicate (TEOS), tetramethylammonium silicate (TMA-silicate) and the
structure driver (cetyltrimethylammonium bromide, CTABr). However, these silica precursors have
some disadvantages such as toxicity and the high cost of producing the material [36,37]. For economic
and environmental reasons, the search for a synthesis procedure using alternative sources of silica, such
as high purity kaolin, has been intensified aiming to obtain mesoporous material with a well-defined
hexagonal arrangement [38–42]. Additionally, the waste from the kaolin processing [28] has proven to
be an excellent source of silicon and aluminum for synthesis of highly ordered Al–MCM-41.

The process of transforming raw kaolin to a commercial product generates large amounts of
waste that can have a great environmental impact. In this processing, a kaolinitic residue, kaolin flint,
is generated with a high iron content and disposed in the mine shortly after exploration [25,43,44].
In order to minimize the environmental impacts caused by the residues of the kaolin industrial, our
research group has been working on the use of this waste as raw material in the synthesis of catalytic
materials and it has been shown to be quite viable because this material is composed essentially of
kaolinite, the most common clay used as a source of Si and Al in the synthesis of materials. The use of
kaolinitic tailings as raw material for catalyst synthesis [20,21,23,25], catalytic supports [22,27,28] and
for mesoporousaluminosilicate synthesis [28] were reported to be efficient for the esterification of free
fatty acids towards biofuel production.
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Flint kaolin showed potential as a starting material for zeolite synthesis [43]. Recently,
Oliveira et al. [24] demonstrated that it is possible to synthesize mesoporous aluminosilicate from this
residue as an alternative source of silicon and aluminum, which enables it for various technological
uses, including the synthesis of new catalytic materials, and which may lead to the development of
specific integrated management projects. The synthesis of mesoporous aluminosilicates from low cost
abundant natural clay minerals has been explored due to the similarities between their structural units
and those of mesoporous materials [45,46].

As mentioned above, we have examples of work reporting the use of natural kaolinite as starting
materials to synthesize Al–MCM-41. Generally, Al–MCM-41 exhibits a very high Si/Al molar ratio,
and tends to show a decrease in the number of acid sites, thus reducing catalytic efficiency in reactions
requiring a strong acid catalyst [24,28,38]. However, this problem can be solved by heteropoly acid
impregnation [24,45] and anchoring of sulfonic groups [28] on the structure of Al–MCM-41 as an
alternative method to obtain a high acid catalyst.

Sulfonic acids are organic compounds that have the functional group –SO3H attached to a
hydrocarbon radical [28]. Mesoporous molecular sieves functionalized with this acid group have
increased hydrophobicity (inherent in the presence of the alkyl chain) due to the organosulfonic
group anchored on the surface of the material, making them very efficient organic-inorganic hybrid
catalysts [28,47–49]. Mercaptopropyltrimethoxysilane (MPTS) is commonly used to functionalize
mesoporous materials [28,47,50,51], by covalently bonding to the silane groups on the aluminosilicate
surface, the sulfonic form (–SO3H) being obtained only after an oxidation step of the −SH precursor
(mercapto group) by an oxidizing agent such as hydrogen peroxide [28,50].

Herein is an extension of our group’s previous work, in which Lima and colleagues [28]
synthesized Al-MCM-41 aluminosilicate from kaolinitic residue from the kaolin processing process
and functionalized with sulfonic groups to obtain a very efficient catalyst for the conversion of free
fatty acids into biodiesel. In another study, Oliveira et al. [24] synthesized a very active heterogeneous
10HPMo/AlSiM acid catalyst from kaolin flint for the reaction of eugenol acetylation with acetic
anhydride. It was considered interesting to use a mesoporous aluminosilicate support synthesized from
another available low cost kaolinitic tailings in the Amazon region, the flint kaolin [24]. In the present
work, for the first time, we report the synthesis and characterization of mesoporous aluminosilicate
(AlSiM) anchored MPTS from flint kaolin, as well as the use of this type of material as catalyst for
the eugenol and acetic anhydride acetylation reaction for production eugenyl acetate, which can be
used as a natural larvicide. Catalytic activity was evaluated for the esterification of eugenol and acetic
anhydride as model substrates studying the effect of various reaction parameters, such as catalyst
concentration, eugenol/acetic anhydride molar ratio, time and temperature, and the catalyst was
regenerated up to five cycles. A kinetic study was also carried out and it was found that the acetylation
reaction follows a first order reaction.

2. Results and Discussion

2.1. X-ray Fluorescence (XRF) Studies

Once the stoichiometric calculations of reagents required to form AlSiM is influenced by the
percentage of silicon [52], it is fundamental to know about the chemical composition of the silica
precursors. Table 1 shows the XRF (EDX; EDX-700, SHIMADZU, Kyoto, Japan) results. The amounts
of SiO2, Al2O3 and H2O present in the flint kaolin (KF) are almost the same as the theoretical values
obtained for kaolinite [21,25,43,44]. The values found for TiO2 and Fe2O3 in KF, are mainly due to the
greater presence of anatase (TiO2) and hematite (Fe2O3). However, the high percentage of iron in KF
may have occurred due to the isomorphic substitution of Al3+ by Fe3+ on the kaolinite octahedral
sheet. [25,43,44]. Due to the dealuminization process caused by acid leaching of metakaolin flint (MF),
in KF there is a mass a Si/Al ratio close to 1, in metakaolin flint leached (MFL) this ratio rises to 13 [28,38],
while in the synthesized AlSiM it showed a Si/Al of 23 much higher than its precursor MFL.
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Table 1. XRF analysis results of the raw material and samples prepared.

Samples SiO2 Al2O3 TiO2 Fe2O3 SO3 LF a Si/Al

K b 46.54 39.50 13.96 1
KF 42.30 38.29 3.20 2.92 13.29 1
MF 49.64 37.92 2.50 2.78 1.25 1

MFL 73.98 4.74 3.71 1.62 15.89 13
AlSiM 86.72 3.21 3.52 1.10 5.23 23

(3)SO3H/AlSiM 69.09 1.71 2.16 0.26 8.70 18.08 34
(5)SO3H/AlSiM 61.39 1.55 1.83 0.10 11.06 24.07 34
a LF = loss on ignition; b K = theoretical kaolinite [21,25,43,44]; (3 or 5) SO3H/AlSiM denotes (3 or 5 mmol)
mercaptopropyltrimethoxysilane (MPT) functionalized in AlSiM.

The data in Table 1 also shows the presence of SO3 for (3)SO3H/AlSiM and (5)SO3H/AlSiM,
indicating that sulfonic groups are present in the AlSiM structure [28,50]

2.2. XRD Analysis

In the diffractograms (Bruker D8 Advance; Bruker Corp, Billerica, MA, EUA) presented in
Figure 1a, For the KF sample we identify the main mineralogical components of the material where
kaolinite (K) presents the highest intensity peak. This material also has low intensity components such
as: quartz (Q), anatase (A) and hematite (H). These results are in agreement with the mineralogical
compositions of the researched literature [25,43,44]. For the calcined sample (MF) at 750 ◦C for 2 h
(Figure 1a), absence of characteristic peaks for kaolinite (close to 2θ = 12 e 24◦). The lack of these
characteristic peaks is due to the dehydroxylation of the Al(OH)6 octahedral layer which becomes
coordinated Al tetra and penta units during heat treatment, which makes this material more susceptible
to acid leaching [21–23,25,44]. For leached metakaolin samples, no significant changes were observed
in relation to their metakaolinitic flint precursor (MF).

Figure 1. X-ray diffraction patterns: (a) flint kaolin (KF), metakaolin flint (MF), metakaolin flint leached
(MFL), K = kaolinite, Q = quartz, A = anatase, H = hematite. and (b) aluminosilicates calcined (AlSiM)
and functionalized with sulfonic group,(3)SO3H/AlSiM and (5)SO3H/AlSiM).
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XRD patterns of AlSiM exhibited four peaks (1 intense and 3 weaks) at low 2θ values that can
be indexed as (100), (110), (200) and (210) reflections characteristics of mesoporous materials with
hexagonal arrangement of their cylindrical channels [40–42]; even after calcination (540 ◦C) there was
no collapse of the structure. The Si/Al molar ratio of AlSiM obtained, which was close to 23, is suitable
to form mesoporous silicas with well-defined structures, which have a high silicon content [28,38].
These results according with data found in literature, proving well-ordered formation of the structures
with Si/Al molar ratio equal to 13.8 [53], Si/Al of 20 [28], Si/Al of 29.3 [42] and Si/Al of 32.1 [38].

For samples (3 or 5) SO3H/AlSiM it is possible to observe characteristic peaks of the hexagonal
system. As the AlSiM anchored MPTS content increased, it caused changes in the porous structure
of the support as the four reflections widened and the peaks shifted to greater angles. This shift can
be explained by a slight decrease in pore size resulting from the insertion of the sulfonic group into
the linear pores of the AlSiM peak d100 becomes less intense and broad as reflections (110, 200 and
210) follow the same trend and disappear [28,48]. The absence of reflections at higher angles (>2θ)
is an indication that the samples of (3 or 5)SO3H/AlSiM have a structure with low structural order
compared to AlSiM, however, there is a preserved hexagonal arrangement, which can be observed by
the first d100 reflection plane even after functionalization with MPTS [28,48,50].

Table 2 shows the XRD data of the aluminosilicate samples studied from the reflection (100)
obtained from each material, which correspond to the standards found in the literature [28,39–42,45,54].
The interplanar spacings (d100) and the network parameters (a0) calculated from the reflection (100) are
also in good correspondence with literature data [39–42,45,54].

Table 2. Textural and structural characteristics.

Samples Textural Property Structural Property

- SSA (m2 g−1) a Vp (cm3 g−1) b Dp (nm) c d100 (nm) d a0 (nm) e Wt (nm) f

KF 8.9 0.05 32.20 - - -
MF 9.78 0.05 31.11 - - -

MFL 433 0.56 1.20 - - -
AlSiM 1071 1.05 3.85 4.35 5.06 1.21

(3)SO3H/AlSiM 998 0.78 3.25 4.07 4.70 1.45
(5)SO3H/AlSiM 869 0.65 3.01 4.04 4.67 1.66
a SSA = specific surface area (BET method); b VP = pore volume (BJH method); c DP = pore diameter (BJH method);
d d100 = interplanar spacing (100) (d100 = λCuKα/senθ) [28,34]; e a0 = hexagonal unit cell parameter (2d100/

√
3)

[28,34]; f Wt =mesoporous wall thickness (Wt = a0 − DP) [28,34].

2.3. Nitrogen Physisorption Experiments

The dehydroxylation of kaolinite by calcination led to the formation of metakaolin, considerably
increasing SSA and Vp after acid leaching (Figure 2a and Table 1) (Micromeritics TriStar II model 3020
V1.03 apparatus (Micromeritics, Norcross, GA, USA). The MFL (433 m2 g−1) after the de-alumination
process (Al2O3~88%, Table 1) had its SSA increased by approximately 43 times compared with its
precursor (MF, 9.78 m2.g−1).

The isothermal forms of the four samples were completely different. MFL isotherm is a mixture
of type II and IV according to Du and Yang [42], with an isotherm-like initial portion type I and a
hysteresis loop mixture of H3 and H4, indicative of narrow slit pores. The preparation of porous
material (MFL) from the MF by leaching involved the removal of part of the Al2O3 (Table 1) of MF by
acid treatment, leaving pores within the structure of the MFL [40–42].
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Figure 2. N2 physisorption isotherms (a) and pore size distribution curves (b) of MFL, AlSiM and (3 or
5)SO3H/AlSiM.

N2 physisorption isotherms and pore size distribution of AlSiM and (3 or 5)SO3H/AlSiM samples
(Figure 2a,b) are all type IV according to the IUPAC type IV classification [55,56], an indicative of the
formation of mesoporous material which structures were not compromised, even after functionalization,
a behavior similar to those reported in the literature for materials of this type [28,33–35], with
characteristic hysteresis cycle of uniform mesoporous material, corresponding to mesoporous materials
obtained from metakaolin [39,41,42].

Figure 2a shows three distinct regions at low relative pressures. At p/p0 < 0.2, N2 adsorption
occurs in monolayer and multilayer on the pore walls. Then, at average relative pressures, between
0.2 < p/p0> 0.3, there is a strong increase in N2 adsorption that is caused by capillary condensation of
nitrogen inside the primary mesopores [39,42]. The formation of a hysteresis loop in p/p0 equal to
0.3 is observed and results from an abrupt increase in the amount of adsorbed N2, due to capillary
condensation inside the mesoporous material [41]. With the filling of all primary mesopores by N2, the
third region starts in p/p0 > 0.3, where the slope of the curve decreases tending to a plateau, which
characterizes the adsorption in multilayers on the external surface of the solid [39,42]. Isotherms of
mesoporous materials with a certain Al content, generally show a strong increase in the curve in p/po
>0.9, which is related capillary condensation in secondary mesopores due to the voids formed by
crystalline aggregates in the hexagonal structure of the materials [39,42].

The pore size distribution shown in Figure 2b shows a narrow main peak centered at 2.8 nm,
showing the presence of uniform mesopores. This result corroborates with that obtained by the XRD
analysis (see Figure 1b), which revealed the formation of a highly ordered structure of the mesoporous
molecular sieve (AlSiM) obtained in this work. The mesoporous material developed from KF as a
source of Si and Al showed physical properties quite similar to the materials prepared using commercial
metakaolin [39–42] or synthetic silica [22,33,34,57–60].

From the literature data [24,28,38–42] and the results of the textural analyzes obtained for the AlSiM
synthesized in this work, it is possible to state that KF can be used as a low-cost silica source for the
synthesis of mesoporous molecular sieves with uniform pores and with regular hexagonal arrangement.

Samples (3 or 5)SO3H/AlSiM showed isothermal forms of N2 physisorption analogous to AlSiM,
with capillary condensation within the mesoporous close to the relative pressure range between 0.2
< p/p0 > 0.3. However, the adsorbed N2 volume decreased with increasing MPTS content due to
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the structural disorder of the samples (Figure 1b). Consequently, SSA decreased from 1071 m2 g−1

(AlSiM) for 869 m 2 g−1 (5)SO3H/AlSiM), for the sample with the highest mmol of MPTS. Variation
in MPTS content in the anchoring process did not significantly affect the average pore diameter but
reduced the pore volume and increased the wall thickness of the samples (Table 2). The data of N2

physisorption for these materials is in accordance with other mesoporous silicates functionalized
with sulfonic groups [28,50,61]. Textural properties, such as SSA, Vp, and Dp, derived from N2

physisorption measures are showed in Table 2. N2 physisorption and XRD studies revealed that
MPTS functionalization did not affect the mesoporous structures of these materials (Figure 1b,e and
Figure 2a).

2.4. Fourier Transform Infrared Spectroscopy (FTIR) Experiments

AlSiM and (3 or 5)SO3H/AlSiM FTIR spectra are shown in Figure 3. AlSiM FTIR (Shimadzu, Kyoto,
Japan) spectrum show a broadband between 1228–1060 cm−1 (asymmetrical stretching elongation
vibrations O–Si–O). Also in the AlSiM spectrum, bands are observed at 967, 795 and 460 cm−1,
which correspond to the stretching vibration of silanols (Si–OH, tetracoordinated to silicon), angular
deformation of the Si–O–Al bonds [39,42] and vibrational deformation of the tetrahedral bonds between
Si–O–Si [48], respectively, after calcination of material these bands are also lightly shifted to higher
frequencies [39,42].

Figure 3. FTIR spectra of samples AlSiM e (3 or 5)SO3H/AlSiM.

FTIR analysis shows variations in spectra caused by support functionalization by sulfonic groups.
Figure 3 of all samples present bands around 3447 and 1633 cm−1 that correspond to water adsorption
by silanol groups located on the surface of the mesoporous material and the vibrational deformation of
the adsorbed water, respectively [37–39]. The significant band at 2933 cm−1 is induced by symmetrical
and asymmetrical vibrations of –CH2 present on the surface of the catalysts, showing that the MPTS
reacted successfully with silanol groups and is covalently attached to the surface of the AlSiM [62].
The O–H strain vibration near 1633 cm−1 can be seen in all samples [48]. The band near 595 cm−1

may be due to C–S stretch vibration [61]. However, in the AlSiM sample, bands close to 2395 cm-1
could be observed which could also correspond to the symmetrical and asymmetric stretching of the
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C–O bond in the CO2 molecule. These spectral results are quite consistent with those observed in
the literature [61]. In the spectral range between 1300 e 1500 cm−1 of samples (3 or 5)SO3H/AlSiM
compared to the AlSiM matrix, absorption band around 1408 cm−1 is associated with the asymmetric
and symmetrical stretching signals of O=S=O bonds of sulfonic groups [48,63]. The existence of the
sulfonic acid group (SO3H) in the samples (3 or 5)SO3H/AlSiM was confirmed by the presence of
an intense and wide absorption band at 3458 cm−1, which corresponds to the vibration of the S-OH
bond stretch, in addition to the 1408 cm-1 band attributed to asymmetric and symmetrical vibration
connections (O=S=O), confirming the covalent anchoring of (SO3H) to the surface of AlSiM [62,63]
These results reveal that the sulfonic acid group was successfully anchored on the support surface,
corroborating the data obtained by the XRF technique regarding the chemical composition (Table 1).

2.5. Thermal Analysis (TGA/DTG) Results

The existence of organosulfonic groups was monitored based on TGA/DTG (Shimadzu, Kyoto,
Japan) analysis. The thermogravimetric analysis curves for AlSiM, (3 or 5)SO3H/AlSiM are presented
in Figure 4. Mass losses are more clearly identified by the DTG as it occurs on all TGA curves. The data
obtained by TGA/DTG are summarized in Table 3, confirming mass losses in certain temperature
ranges for both pure and functionalized AlSiM. In all samples an initial mass loss of 25 to 200 ◦C is
observed, which many authors attributed to physically adsorbed water thermosorption on the surface
of the materials [48,61,63].

Figure 4. Thermal stability determined by TGA/DTG of AlSiM and (3 or 5)SO3H/AlSiM (a) TGA and
(b) DTG.

Table 3. Mass loss (%) with respective temperature ranges.

Samples
Mass Losses (%)

Total
I (T < 200 ◦C) II (200–430 ◦C) III (T > 430 ◦C)

AlSiM 3.96 0.99 0.80 5.23
(3)SO3H/AlSiM 8.23 6.71 5.75 20.69
(5)SO3H/AlSiM 12.65 8.09 6.55 27.29
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The anchorage of organosulfonic groups in the AlSiM structure was followed by TGA analysis
as shown in Figure 4. In Figure 4 we can see significant losses before 200 ◦C due to evaporation
of water adsorbed some release of SO2 from sulfonic acid groups (propyl-SH and propyl-SO3,
respectively) [49,61,64]. Two mass losses were observed in the range 200–470 ◦C, is attributed to the
decomposition of organic matter, degradation of propyl groups present in the catalysts [49,61,64],
towards higher temperatures is seen at the peak of organic matter elimination at 380 ◦C shown
by the DTG curve. The final mass loss (between 500 to 900 ◦C) can be attributed to the higher
thermal stability of the oxidized propyl sulfonic group [50] and the decomposition of residual organic
groups and the condensation of neighboring silanol groups forming siloxane bridges, releasing water
molecules [48,61,63]. The XRF analysis (Table 1) and FTIR (Figure 3) of functionalized material
corroborate the results of the TGA, and the sample with the highest MTPS load was the sample with
the highest mass loss, which is naturally caused by the larger amount of functionalized material.

2.6. Surface Acidity

The surface acidity of the AlSiM and functionalized (3 or 5)SO3H/AlSiM solids were evaluated by
acid–base titration [22,23,27]. Another way to evaluate the acidity of the materials was by means of FTIR
methodologies and TGA/DTG technique after adsorption of pyridine as probe molecule on the material,
which allows to characterize heterogeneous catalysts and to quantify acid sites efficiently [21,23,25,27].

Considering that the catalysts (3 or 5)SO3H/AlSiM were the most active in the preliminary reaction
studied, the number of acid sites obtained for these materials was due to the consumption of hydroxyls
(titration) and adsorption of pyridine [21–23,25,27]. Table 4 shows the total hydroxyls and pyridines
consumed, which indicates that all catalysts had more acid sites when compared to their support
(AlSiM), because the number of acid sites (3 and 5 mmol) of MPT are present in the support structure
(Table 1).

Table 4. Evaluation of acidity of the prepared materials and conversion of eugenol.

Amostras (mmol H+ g−1) a (μmol g−1) b Conv. (%) c

AlSiM 1.31 27
(3)SO3H/AlSiM 5.93 295 97
(5)SO3H/AlSiM 4.89 236 89

a Total surface acidity by titration [22,23]; b mole of pyridine by TGA/DTG analysis [25]; c conversion of eugenol
(EugOH: AA molar ratio = 1:5, 2% catalyst, 80 ◦C, 30 min).

From Figure 5, TGA/DTG curves revealed that (3 or 5) SO3H/AlSiM with adsorbed pyridine (Py)
lost more mass than samples without adsorbed pyridine. In the range between 150 and 250 ◦C, the
samples (3 or 5)SO3H/AlSiM Py have losses that may be related to water and physically adsorbed
pyridine, while there is a continuous loss that is attributed to chemically adsorbed pyridine above
250 ◦C. The methodology described by Nascimento et al. [21,25] Using TGA/DTG curves after pyridine
adsorption was used to define the acidity and the number of acid sites of the catalysts.

In Figure 5, It was observed that the acidity of each material resulted directly from the number
of mmol of MPTS functionalized in the support. Analyzing the Table 4, it was noted that the sample
with lower MPTS content presented higher number of acid sites, (3)SO3H/AlSiM (295 μmol g−1) >
(5)SO3H/AlSiM (236 μmol g−1), which may be justified by the greater accessibility of pyridine molecules
to the acid sites of the functionalized material that had the highest textural properties (Table 2).
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Figure 5. TGA/DTG curves (a) and FTIR spectra (b) of catalysts without/with adsorbed pyridine: (3)
SO3H/AlSiM and (3 or 5)SO3H/AlSiM Py.

The concentrations of acidic sites measured by titration with NaOH were higher than those
measured with pyridine. This may have been caused by the deposition of acidic sites (Al3+ or –SO3H)
on the pore surface of the material when the pyridine was adsorbed. Because pyridine is a bulky
molecule, it may have caused a local blockage in the pore channels, making it difficult for other pyridine
molecules to diffuse to the active sites present inside the solid. This difficulty in accessing pyridine to
acidic sites significantly reduces the acidity values of the material. This relationship has already been
reported in the literature in studies involving samples impregnated with pyridine and ammonia [65].

In FTIR spectra of the materials treated with pyridine (Figure 5b), bands related to pyridine
physisorption were observed in 1637 and 1542 cm−1, referring to the Brønsted acid sites; in 1577, 1533,
1447 and 1440 cm−1, indicating the presence of Lewis acid sites; and in 1437 cm−1, which refer to the
acid sites of Brønsted and Lewis. In (3)SO3H/AlSiM and (5)SO3H/AlSiM samples, the generation of
Lewis acid sites is possibly due to aluminum [23,25] present in the support (AlSiM) and Brønsted acid
sites may be due to the presence of sulfonic acid group (SO3H) [63], attested by the XRF technique
(Table 1). Thus, the catalysts consist of Lewis acid sites and Brønsted acid site. This profile is in line
with that presented by other mesoporous materials with sulfonic groups [63].

The results indicated the presence of substantial surface acidity in the catalysts and confirmed by
FTIR spectra, and they clearly showed the presence of higher number of acid sites in (3) SO3H/AlSiM
due to higher SSA. Thus, the total acid sites are more dispersed by generating more accessible acid sites,
compared to (5) SO3H/AlSiM with 236 μmol g−1 acid sites distributed in smaller SSA (869 m2 g−1).

The acidity of the catalysts was evaluated in preliminary experiments on the eugenol acetylation
reaction and these results are presented in Table 4. In the control tests, the conversion rate achieved over
AlSiM was similar to the blank reaction (24% in 30 min). However, only the reactions catalyzed by the
functionalized materials, (3) SO3H/AlSiM > (5)SO3H/AlSiM, showed significantly higher conversion
rates than those obtained from the control experiments.

The observed trend (3) SO3H/AlSiM > (5)SO3H/AlSiM demonstrates the importance of catalytic
acid site density and textural properties such as high SSA as well as VP and DP of the present catalyst
pores play an important role in the diffusion of bulky molecules. such as eugenol and eugenol ester
on the catalyst surface [10,66]. In the present case both catalysts have pore diameters of 3.25 nm
((3)SO3H/AlSiM), 3.01 nm ((3)SO3H/AlSiM), respectively, much larger than the maximum molecular
size of the pore eugenol (~0.92 nm) and eugenyl acetate (~1.2 nm) (derived from Gaussian software as
shown in Scheme 3). Therefore, there is sufficient space for diffusion of both reagents and products
into the pores of both catalysts.

Low acid site concentration, together with lower SSA (869 m2 g−1) and VP (0.65 nm), are likely to
be the most likely contributing factors to the low activity of (5)SO3H/AlSiM. Although (5) SO3H/AlSiM
has more organic groups (–SO3) in its structure confirmed by XRF (Table 1) and TGA (Figure 4) analyzes,
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it appears that the active sites were less accessible during both acidity study. as in catalytic testing
(Table 4). However, the high catalytic activity of (3)SO3H/AlSiM can be attributed to the presence of
large SSA (998 m2 g−1) and VP (0.78 cm3 g−1), respectively, which contributed to both diffusion of
these interacting large molecules. on the reagent-accessible active sites during the surface reaction.
This facilitated the adsorption of polar substrates, such as eugenol and acetic anhydride, on the catalyst
surface (Scheme 1) [10,67]. In addition, as eugenyl acetate is less hydrophilic than eugenol and acetic
anhydride, (3)SO3H/AlSiM showed a high tendency to adsorb these molecules and consequently
showed higher product formation after prolonged reaction times [10,24,67].

Scheme 1. Proposed mechanism for eugenol acetylation reaction on solid acid catalyst adaptation [10,24].

Overall, the results showed a good correlation with the effects of catalytic acid site density, textural
properties and reagent molecule dimensions on catalyst reactivity, which are in good agreement with
the trends found in the literature [10,17,31,32]. Effectively, (3)SO3H/AlSiM has demonstrated activity
that matches resins, Amberlyst A-21 (95%) [32], Amberlite XAD-16 (98%) [31] and Lewatit® GF 101
(100%) [17]. As these results were satisfactory, (3) SO3H/AlSiM was appointed for further investigation
of various reaction parameters, such as the molar relationship between eugenol and acetic anhydride,
catalyst amount, temperature and time and catalyst reuse to optimize reaction variables to achieve
maximum eugenol conversion (confirmed by FTIR and GC-MS see supplementary material).

2.7. Eugenol Acetylation Reaction Mechanism with Acetic Anhydride

The eugenol (EugOH) (99% Aldrich, San Luis, Missouri, EUA) derivative ester was synthesized
using acetic anhydride (AA) (Nuclear, São Paulo, SP–Brazil) in acid-solid catalyzed reactions following
literature procedures [31,32]. Acetylation of eugenol with acetic anhydride is a limited equilibrium
reaction. In order to overcome balance limitation, eugenol acetylation is usually performed by taking
excess acetic anhydride to favor the direct reaction [5,67]. The mechanism is shown in Scheme 1.
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A simple explanation for elucidating the pathway of the acetylation reaction mechanism on
the acid catalyst surface [10,24] is shown in Scheme 1. Assuming the reaction takes place by the
Langmuir–Hinshelwood–Hougen–Watson mechanism, where adsorbed reagents interact with acidic
sites on the catalyst surface to form the products [10,24].

First, both reagents are adsorbed to the active sites (Brønsted and Lewis acids) of the catalyst [10,67].
In the next two steps, the surface reaction proceeds with the formation of the carbocation (electrophile)
that is attacked by the nucleophile (eugenol) generating a protonated tetrahedral intermediate [68,69].
The transfer and rearrangement of protons (H+) from hydroxyl (eugenol) to carbonyl oxygen (acetic
anhydride) occurs in this intermediate which results in the formation of a rearranged tetrahedral
intermediate. The subsequent stage takes place with the acetic acid leaving the tetrahedral intermediate,
obtaining protonated eugenyl acetate [10,24]. Thus, the tetrahedral intermediate desorption (electron
transfer from the catalyst acid site to the carbonyl oxygen, leading to bond disruption) and simultaneously
the deprotonation of the ester and catalyst regeneration are initiated [10,70].

2.8. Effect of Temperature

The effect of reaction temperature was studied in the temperature range of 50 to 100 ◦C (Figure 6).
A gradual increase in eugenol conversion from 85% to 99.3% was observed increasing the temperature
from 50 to 80 ◦C after 40 min. As reported by Laroque et al. [31] and Santos et al. [67] at higher
temperatures improves eugenol solubility and miscibility with anhydride, facilitating protonation of
the acetic anhydride carbonyl group and eugenol nucleophilic attack on carbocation, resulting in higher
eugenol conversion (Scheme 1). Compared to different reports, Lerin et al. [32], using Amberlyst A-21
obtained 95% eugenol conversion at 95 ◦C. Another material known as zirconia dioxide (UDCaT-5)
recorded 90% eugenol conversion at 110 ◦C Yadav [10]. As the boiling point of both eugenol and acetic
anhydride is greater than 100 ◦C, and all reactions have been studied up to 100 ◦C, possibly there
was no vapor loss during the liquid phase reaction. Hence, the temperature 80 ◦C was selected for
acetylation for eugenol.

Figure 6. Percentage conversions of eugenyl acetate varying the reaction temperature. Reaction
conditions: eugenol: acetic anhydride (1:5), reaction time 40 min and 2% catalyst.
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2.9. Amount of Catalyst

Reactions without catalyst were performed, once the autocatalysis can occurs according to the
mechanisms for the reaction studied [4,17], and the result for self-conversion was not higher than 24%
(Figure 7). This reveals that the high activity of the catalyst in the reaction rate is directly proportional
to the catalyst load based on the total reaction volume [10,17,31,71,72].

Figure 7. Percentage conversions of eugenyl acetate with different amount of catalyst. Reaction
conditions: eugenol: acetic anhydride (1:5), reaction temperature 80 ◦C and reaction time 40 min.

Figure 7 shows the change in conversion (%) with the amount of catalyst charged during eugenol
acetylation. The effect of the amount of catalyst was investigated by percent dosing from 1 to 4% mass
(based on eugenol mass) of catalyst (3) SO3H/AlSiM. Eugenol conversion has been observed to increase
from 75% to its final value of 98% as catalyst dosage increases from 1% to 2%. However, this increase in
eugenol conversion is expected due to the availability of more active sites that facilitate the acetylation
reaction [10,31,32]. An additional increase in catalyst amounts resulted in not very appreciable changes
in conversion, indicating that 2% catalyst represents the appropriate level of active sites for eugenol
acetylation and that the equilibrium of the reaction is achieved.

2.10. Molar Ratio between Reagents

The reaction was studied with a molar ratio of eugenol to acetic anhydride from 1:2 to 1:7 over
a 2% catalyst amount (relative to eugenol) at 80 ◦C for 40 min (Figure 8). The results showed a 61%
conversion of eugenol with a 1:2 molar ratio of eugenol to acetic anhydride, which increased to 98%
with the successive increase of the eugenol to acetic anhydride ratio to 1:5. However, by further
increasing the eugenol to acetic anhydride ratio to 1:7, an almost similar conversion of eugenol (99%)
was observed. Therefore, the eugenol to acetic anhydride ratio of 1:5 was selected for further studies.
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Figure 8. Percentage conversions of eugenyl acetate with different molar ratio of eugenol: acetic
anhydride. Reaction conditions: reaction temperature 80 ◦C and reaction time 40 min and 2% catalyst.

2.11. Effect of Reaction Time

In order to evaluate the effect of reaction time on eugenol, reactions were allowed for varying
durations of 10 to 50 min and the results obtained were shown in Figure 9. As the other reaction
conditions were fixed, the reaction time was considered a dominant parameter controlling eugenol
acetylation and therefore eugenol conversion. The eugenol conversion rate was 80% after 10 min of
reaction but increases as the reaction duration lasts. The highest conversion rate (99.9%) was reached
after 40 min. No further increase in eugenol conversion was observed after 50 min. Laroque et al. [31]
investigated the acetylation of eugenol over molecular sieves 4Å and reported 90% conversion of
eugenol in 2 h, a lower value than that obtained in this work.

Figure 9. Percentage conversions of eugenyl acetate varying the reaction time. Reaction conditions:
eugenol: acetic anhydride (1:5), reaction temperature 80 ◦C and 2% catalyst.
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The optimum conditions for eugenol acetylation over (3) SO3H/AlSiM were: eugenol molar ratio
to acetic anhydride 1:5; temperature and reaction time 80 ◦C and 40 min respectively and amount of
catalyst 2%.

From the high conversion values achieved with the catalyst synthesized here (99.9%) and based
on the study of the kinetic parameters of the reaction, it is possible to conclude that the high conversion
rates of eugenol, under the reaction conditions reported in this work (Figure 9), were higher than many
others reported in literature (Table 5).

Table 5. A comparison of literature results for the conversion of Eugenol over various catalysts.

Catalyst Solvent T (◦C) R: M T (min)
Conv.
(%)

Reference

UDCaT-5 Toluene 110 1:5 240 90 [10]
Lipase (RML) Chloroform 50 1:3 300 66 [11]
Lipozyme TL Acetic anhydride 70 1:5 120 92.9 [5]

Molecular sieve 4Å Acetic anhydride 60 1:3 120 90 [31]
Amberlyst A-21 Acetic anhydride 95 1:3 120 95 [32]

Lewatit® GF 101 Acetic anhydride 70 1:1 45 100 [17]
10HPMo/AlSiM Acetic anhydride 80 1:5 40 99.9 [24]
(3)SO3H/AlSiM Acetic anhydride 80 1:5 40 99.9 Present work

Table 5 also presents some results with biocatalysts with maximum conversions of 66% [11] and
93% [5], even if using minimum molar ratio and mild reaction temperature, but reuse inefficiency and
high process costs are the disadvantages of the biocatalyst [5,17].

The results revealed that the acid catalyst has a high potential in the acetylation reaction (99.9%
conversion). These results are promising not only when compared to solid acid derived from kaolinitic
wastes, but also to sulfonated metal oxides. For example, Yadav [10] prepared a zirconia-based
catalyst, UDCaT-5, and evaluated it in the esterification of eugenol with benzoic acid, achieving
high conversions, at the cost of reaction times and temperatures. Prolonged reaction times have also
been observed for commercial catalysts such as molecular sieves 4Å [31] and Amberlyst A-21 [32],
as well as, full conversion was achieved with Lewatit® GF 101 [17] commercial catalyst. All of the
mentioned catalysts used organic solvents, hexane and toluene, during recovery from reuse. Although
the conversions obtained in these studies are high, even so, in most cases, the reaction times have
always been prolonged when compared to the reaction times used in this work.

It is noteworthy that although hexane and toluene are ideal solvents for the extraction of organic
substances, they have all the necessary and appropriate characteristics for catalyst washing. On the
other hand, they are highly toxic and harmful to health. In this sense, it was decided to wash or
regenerate the catalyst with anhydrous ethanol [24], as it has advantages such as lower cost and is not
toxic to animal and human health.

Amazon flint kaolin, one of the by-products of the kaolin industry, which presents low cost and
high availability, can be perfectly reused in the synthesis of mesoporous molecular sieves, minimizing
the use of synthetic silicas, which are often toxic. In addition, kaolin flint can be used as a catalytic
support or as an alternative heterogeneous catalyst in the acetylation of eugenol with routes to
the production of eugenol acetate. Thus, the reuse of this by-product can generate a reduction in
environmental impacts and costs in the synthesis of chemical substances with various applications.

2.12. Kinetic Studies

From the kinetic study (Figure 10a) of the different temperatures (50, 60, 70 and 80 ◦C) and times
(10, 20, 30 and 40 min), an estimation was made for the activation energy. The conversion curves
of eugenol as a function of time and temperature are observed in Figure 10a, there it is possible
note the high performance of (3) SO3H/AlSiM for eugenol acetylation when the temperature varies.
Santos et al. [67] and Machado et al. [4] reported that increasing the temperature improves both the
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diffusion and the solubility of the reagents over the reaction time, leading to maximum conversion. As
observed also in Figure 10a, high conversions (85%, 90%, 94% and 98%, respectively) were obtained in
the first 20 min of reaction.

Figure 10. (a) Kinetic studies of the conversion of eugenol over the catalysts; (b) graphs of −ln
(1–conversion) versus time at different temperatures for calculations of velocity constants and reaction
order analysis; (c) Arrhenius graph for calculating the activation energy for eugenol esterification
reaction at different temperatures on the catalyst.

In this work, we determine the order of the esterification reaction of eugenol with acetic anhydride,
using the classical definitions of chemical kinetics and considering eugenol as a limiting reagent [10,31]
To determine the order of reaction by the elementary kinetic theory, we proposed a complete conversion
of eugenol. According to data from Figure 10a, it can be concluded that there is a first order dependence
between reaction rate and eugenol concentration, because the fit shows a linear relationship between all
experimental data when −ln (1–conversion) is plotted against reaction time. According to the standard
deviations (R2) of 0.9858, 0.9936, 0.9979 and 0.9967 for acetylation carried out at 50, 60, 70 and 80 ◦C,
respectively (Figure 10b). It is observed that the kinetic data analyzed are consistent, as it is a first
order reaction in relation to eugenol [10,31]. From the values of k shown in Figure 10b, plotted ln (k)
versus 1/temperature (K) (Figure 10c) and the apparent activation energy (Ea) was calculated, which
was 17.13 kJ mol−1 with good linear regression (R2 = 0.9994).

The calculation of activation energy can be found in some studies on esterification of eugenol
in heterogeneous reaction. For example, Yadav [10] tested the UDCaT-5 catalyst in a heterogeneous
esterification reaction and reported a first order reaction in relation to eugenol and an activation
energy equivalent to 39.13 kJ mol−1. Laroque et al. [31] used two solid catalysts, molecular sieve
4 Å and Amberlite XAD-16, and the kinetic study of acetylation showed a first order reaction with
activation energies of 10.03 kJ mol−1 and 7.23 kJ mol−1, respectively. Oliveira et al. [24] applied the
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10HPMo/AlSiM catalyst in the same reaction in the acetylation kinetics study found a first order
reaction and activation energy equal to 19.96 kJ mol−1. Thus, the activation energy obtained in the
present work is in the same order of magnitude as those reported in previous works.

The catalyst synthesized here exhibited intermediate activation energy in relation to the different
types of solid acid catalysts, related to the esterification of eugenol, which were mentioned in the
present manuscript. However, with regards to the reaction conditions, the proposed system operated at
a relatively moderate temperature of 80 ◦C, while those reported had reached 110 ◦C [10]. In addition,
the results of the catalytic tests show that high conversions were achieved by our catalyst within 40 min,
and that others from literature achieved comparable conversion only within 4 h reaction. Obviously,
the catalytic performance of (3)SO3H/AlSiM is comparatively superior to that of the catalysts we listed
for analysis in our study. thus, it is possible to state that (3)SO3H/AlSiM is an excellent catalyst for the
production of eugenyl acetate, even with an activation energy of 17.13 kJ mol−1.

2.13. Catalyst Reuse

The use of heterogeneous catalysts is motivated by several factors, including the possibility of
reuse in successive cycles, making them essential for reducing production costs and environmentally
friendly [10,17,31,32]. Based on this context, the prepared catalyst reuse cycles were evaluated under
the same conditions used in the kinetic study. After each cycle of reaction, the catalytic solid was
recovered at 6000 rpm for 10 min of centrifugation, washed with ethyl alcohol to remove any organic
compounds eventually retained on the support surface, dried in an oven at 150 ◦C for 2 h subjected to
the next catalytic cycle. Ethanol was chosen to perform the washing step based on its good performance,
as previously demonstrated for 10HPMo/AlSiM catalyst [24]. The conversion of eugenol after each run
(Figure 11) gradually decreases from 99.96% to 92% at the end of the fifth run, revealing an overall
reduction close to 8%. These results are slightly better those reported by Oliveira et al. [24] using a
solid acid catalyst prepared by anchoring HPMo on an AlSiM mesoporous support to convert eugenol
under consecutive runs, revealing a reduction in catalytic activity of approximately 10% after the
fifth recycling (90%), compared to the initial value of 99.9%. These eugenol conversion results are
excellent, especially considering the low cost associated with this catalyst and the good conversions
achieved up to the fifth cycle. These results are even superior to the reaction without the presence of a
catalyst (Figure 7), indicating that material can be reused for more reuse cycles. Therefore, it is a clear
indication that the catalyst is acting on a heterogeneous route with good catalytic activity using the
simple ethanol wash procedure.

2.14. Characterization of Reused Catalyst

After the fifth catalyst reuse cycle, its integrity was assessed by DRX and FTIR techniques.
To determine the structural stability of the mesoporous catalyst under eugenol acetylation reaction
conditions, the XRD patterns of the samples before ((3) SO3H/AlSiM) and after reuse ((3)SO3H/AlSiM
R) were compared; these results are shown in Figure 12a. After the fifth reuse cycle, a slight decrease
in the reflection intensity (100) and a partial disappearance of the reflections (110) and (200) of the
reused catalyst can be noted possibly indicating the collapse of the structure to the catalyst used, even
so the hexagonal symmetry of the material is still preserved [22,60]. The X-ray diffraction results of
(3)SO3H/AlSiM R (Figure 12a) shows little similarity to the diffractogram pattern of the new catalyst.
The three reflection peaks of the plane (100) characteristic of the hexagonal structure are observed;
as well as two other less intense peaks inherent to the planes (110) and (200) reflections, indicating
a material pore system poorly organized [22,60]. This behavior could be associated to molecules
adsorbed on the surface as well as inside the channels, consequently indicating a structural disorder
of the support (Figure 12a), being one of the reasons for catalyst deactivation during reaction [27].
This result is favorable once, even after successive reuse cycles and despite the recognized fragility of
the material, it is observed that its hexagonal structure is preserved [60].
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Figure 11. Reaction conditions: eugenol: acetic anhydride (1:5), reaction temperature 80 ◦C, reaction
time 40 min and 2% catalyst.

Figure 12. (a) Comparison of new catalyst XRD standards, (3)SO3H/AlSiM and after reuse, (3)SO3H/AlSiM
R; (b) Comparison of new catalyst FTIR spectra, (3)SO3H/AlSiM, and after reuse (3)SO3H/AlSiM R.

The mechanism of adsorption of molecules on the catalyst surface as well as the numerous stages
of simultaneous surface reactions was well understood in Scheme 1 and are one of the possible factors
(operating conditions) that favor the catalyst deactivation process. The presence of prominent bands of
organic groups is clearly noted from the FTIR result. The FTIR Spectrum (Figure 12b) of (3)SO3H/AlSiM
R showed prominent bands in 2932, 1765, 1513 cm−1 which were attributed to the stretching vibration
of CH, CH2/CH3, C=O and presence of aromatic ring (C=C) [4,73–76] demonstrating the binding of the
esterification product to the surface of the reused catalyst. However, these characterizations showed
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that there were many differences between new and used catalysts, partially indicating that the catalyst
exhibited good structural stability and activity for the eugenol reaction process.

3. Materials and Methods

3.1. Materials

All chemicals used in this experiment were analytical grade and used without further Darmstadt,
Germany purification: eugenol (EugOH) (99%, Sigma-Aldrich, Aldrich, San Luis, Missouri, EUA)
and acetic anhydride (AA) (nuclear, São Paulo, SP–Brazil), sulfuric acid (H2SO4) (98%, ISOFAR,
Duque de Caxias, Rio de Janeiro, Brazil) 3-mercaptopropyltrimethoxysilane (MPTS) (synthetic
grade, Sigma-Aldrich, Aldrich, San Luis, Missouri, EUA), cetyltrimethylammonium bromide (CTABr,
Sigma-Aldrich, Aldrich, San Luis, Missouri, EUA), anhydrous ethanol (EtOH) (98%) (synthetic grade,
nuclear, São Paulo, SP–Brazil) and sodium hydroxide (NaOH), dichloromethane (CH2Cl2), diethyl
ether (Et2O) peroxide hydrogen (H2O2), toluene (all synthetic grade, VETEC, Darmstadt, Germany).
The flint kaolin from the Capim River region (Pará-Brazil), kindly supplied by a partner of Institute of
Geosciences (UFPA), was crushed and the sandy fraction separated by sieve retention. The fraction
smaller than 62 μm was then collected, diluted in distilled water and centrifuged to separate the silt
fraction, obtaining the clay fraction based on the previous work by Nascimento et al. [21,25].

3.2. Preparation of Catalysts

3.2.1. Thermal and Acid Treatments of Amazon Flint Kaolin

Due to its high content of octahedral aluminum, kaolin is resistant to acid leaching. The calcination
of kaolin leads to the formation of the metakaolin phase which makes this material more susceptible to
leaching of aluminum and iron cations from the octahedral layer [21,25]. Thus, the clay fraction of the
flint kaolin (KF) was calcined at 750 ◦C for 5 h resulting in metakaolin flint (MF). The MF sample was
leached in a solution of H2SO4 (2.5 mol L−1) in a proportion of 1:10 (MF: H2SO4) for 1 h at 90 ◦C and
then washed with 100 ml of H2SO4 (0.5 mol L−1) and water until pH = 7 is reached and then dried at
120 ◦C for 12 h. The metakaolin sample obtained was designated as MFL (Scheme 2) [24,28].

3.2.2. Synthesis of Mesoporous Aluminosilicate (AlSiM)

The synthesis of AlSiM was carried out according to the methodology recommended in the
literature that obtains mesoporous material at 110 ◦C in 24 h by hydrothermal treatment [24,28].
The procedure used consists of 3 g of MFL, 0.6172 g of sodium hydroxide, 1.8168 g of
hexadecyltrimethylammonium bromide and 134.7 ml of distilled water. The resulting mixture
remained stirred for another 24 h and, subsequently, was placed in stainless steel autoclave-coated
teflon vessel. The set was subjected to hydrothermal treatment (110 ◦C for 24 h). The material obtained
was filtered and washed with distilled water and dried in a muffle at 100 ◦C for 4 h and calcined at
540 ◦C for 5 h, with a heating ramp of 5 ◦C min−1. The mesoporous material resulting from KF as a
source of silica was called AlSiM. A summary of the procedure for preparing AlSiM from natural KF is
shown in Scheme 2 [24,36,37,42].
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Scheme 2. Possible formation of AlSiM from natural flint kaolin followed by functionalization
with MPTS.

3.2.3. Functionalization of AlSiM with MTPS

The AlSiM functionalization process was based on the procedure described by Lima et al. [28]
(Scheme 2). Initially, AlSiM was dried at 110 ◦C for 24 h; then 1 g AlSiM was dispersed in a
functionalizing solution with 3 and 5 mmol MPTS in 30 mL of toluene while stirring for 12 h at 110 ◦C
under reflux. After completion of this process, the material was filtered, washed with 50 mL of toluene
and dried at 70 ◦C for 12 h. Excess MPTS, not anchored in AlSiM, was extracted on a Soxhlet extractor
with a mixture of CH2Cl2/Et2O (50% v/v) for 12 h, purified solid material (SH/AlSiM) was filtered and
dried. Anchored –SH groups were oxidized by immersing 1 g SH/AlSiM in 17 ml H2O2 for 12 h at
room temperature. The oxidized material was then washed with H2O/EtOH (50% v/v) and extensively
with distilled water to neutral pH, dried at 60 ◦C and stored in a desiccator for further characterization.
After all this process, the catalyst was denoted as (x)SO3H/AlSiM, where x =mmol of MPTS.

3.3. Characterization

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 silica content present in the precursor kaolin flint.

X-ray diffraction analysis were performed on a Bruker D8 Advance diffractometer (Bruker D8
Advance; Bruker Corp, Billerica, MA, EUA), using powder method, at a 1◦ < 2θ >10◦ interval. Cu
Kα (λ = 1.5406 Å, 40 kV e 40 mA) radiation was used. The 2 θ scanning speed was 0.02◦ min−1.
The equation a0 = 2d100/

√
3 was used to calculate the distance (a0) between pore centers of the hexagonal

structure [28,34].
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N2 adsorption–desorption isotherms were obtained at liquid nitrogen temperature using a
Micromeritics TriStar II model 3020 V1.03 apparatus (Norcross, GA, USA). Before each measurement,
the samples were outgassed at 200 ◦C for 2 h. The specific surface area (SSA) was determined according
to the standard Brunauer–Emmett–Teller (BET) method. Pore diameter (Dp) and pore volume (Vp)
were obtained by the Barret–Joyner–Halenda (BJH) method [55,56,77]. The pore wall thickness (Wt)
was calculated according to equation Wt = a0 −Dp [28,34].

The spectroscopy analysis in the infrared region was performed in a Fourier Transform Infrared
(FTIR) spectrophotometer from Shimadzu (Kyoto, Japan), model IRPrestige-21 A, using KBr pellets.
These pellets were prepared by mixing 0.2 mg of sample with a sufficient amount of KBr to achieve a
concentration of 1% by mass. The spectra were obtained in the spectral region from 4000 to 400 cm−1

with resolution of 4 and 32 scans.
The FTIR technique was used to verify the nature of the acidic sites (Brønsted and Lewis) on the

surface of the catalyst having pyridine adsorbed as a probe molecule [24,27,78,79]. The identification of
acid sites was performed by preheating about 50 mg of the sample at 120 ◦C for 90 min, before pyridine
treatment with probe molecule. The loosely filled sample was brought in contact with pyridine (about
0.1 cm3) directly. Then the sample was kept in a hot air oven at 120 ◦C for 1 h to remove physiosorbed
pyridine. After cooling the catalyst sample, the FTIR spectrum was recorded in the spectral range 1700
and 1400 cm−1 with 256 scans and at a resolution of 4 cm−1 using KBr background [24,27,78,79].

The thermal decomposition of the AlSiM and (3 or 5) SO3H/AlSiM samples was performed on a
Shimadzu DTG-60H (Kyoto, Japan) thermogravimetric (TGA/DTG) analyzer. About 10 mg (powder)
of each sample is used for each analysis and placed in a platinum pan and heated from 25 ◦C to 900 ◦C,
with a heating rate of 10 ◦C min−1 and inert gas flow of 50 mL min−1.

TG Analyses also were used to quantify the number of acid sites. Specifically, the samples prepared
for evaluation of the presence of acidic sites in the infrared were submitted to thermal analysis and the
TGA/DTG curves of the samples without adsorption and with adsorbed pyridine (Py) were acquired.
The difference in mass of the sample before and after being submitted to the adsorption of pyridine
was used to calculate the number of acid sites. The value of this difference corresponds to the mass
of pyridine adsorbed where each mole of pyridine equals one mole of the acid site present on the
surface of the catalyst. From these data the number of mmol of pyridine (nPy) per gram of sample was
mathematically determined according to the method proposed by Nascimento et al. [21,25].

Acid-base titrations were used to determine the surface acidity of the catalyst [22,23,27]. In a
typical measurement, 0.1 g of solid was suspended in 50 mL of 0.1 M NaOH. The suspension was
stirred for 24 h at room temperature and titrated with 0.1 M HCl in the presence of phenolphthalein.
The surface acidity of the catalyst was expressed in mmol H+ g−1 of catalyst.

3.4. Catalytic Tests

Acetylation of Eugenol

The acetylation reaction of eugenol using the catalyst (3) SO3H/AlSiM was carried out in a
PARR 4871 multi-reactor (Parr Instrument Company, Moline, IL, USA). All experiments were carried
out under different reaction temperatures (50, 60, 70 and 80 ◦C), molar proportions eugenol/acetic
anhydride (1:5), quantity of catalyst (2% w/w in eugenol), at 500 rpm for a maximum period of 40 min
(Scheme 3). The (3) SO3H/AlSiM catalyst was previously dried at 130 ◦C for 2 h before the reaction.
After each experimental run, the catalyst was separated from the reaction medium by centrifugation
(6000 rpm for 10 min) and the reaction conversion was determined by gas chromatography (GC/MS).
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Scheme 3. Design of acetylation of eugenol with acetic anhydride on the catalyst during catalytic tests,
molecular size of eugenol (l= ∼0.916 nm, w= ∼0.712 nm) and eugenyl acetate (l= ∼1.19 nm, w= ∼0.712 nm)
by Gaussian software.

The reaction products were quantified by gas chromatography (GC/MS), using Shimadzu
equipment (Shimadzu QP2010 plus instrument, Shimadzu Corporation, Kyoto, Japan). A capillary
column of fused silica Rtx-5MS (30 m × 0.25 mm × 0.25 μm) was used. Helium (He) was used as
carrier gas in a flow of 1.2 mL min−1. The injector and detector temperatures were 200 ◦C and 240 ◦C,
respectively. 1.0 μL of solution of products in 1.5 mL of dichloromethane were injected in the flow
division mode (20:1). The programming of the column temperature for the analyzes started at 60 ◦C,
followed by heating at the rate of 3 ◦C min−1 until reaching 240 ◦C. The mode of operation of the
EIMS (electron ionization mass spectrum) was with energy of 70 eV, temperature of the ion source and
connection parts, 200 ◦C. The chemical constituents of the reaction were identified by comparison with
the substance library (NIST-11, FFNSC-2) [80] and with data from the literature [73,74]. This analytical
procedure was performed at Adolpho Ducke Laboratory—Museu Paraense Emílio Goeldi.

The spectra were scanned within the range m/z 40–300. GC/MS analysis shows the presence
of the ester at a retention time of 31.6 min (Figure S2 and Table S1). The mass spectrum of ester
product showed a molecular ion peak at m/z 206 that corresponded to molecular formula of eugenyl
acetate (C14H14O3). Cleavage of the ester gave the fragment peak at m/z 164 related to the eugenol
part [M+H]+. Other fragments ions were also observed at m/z 41, 57, 91, 103, 131 and 149 [4,73–76]
(Figure S3 and Table S1, see Supplementary Material).

Samples of product (eugenyl acetate) was subjected to FTIR analysis and the spectra were obtained
using a Shimadzu model IRPrestige-21A Spectrophotometer. For each sample, the mean of 32 scans in
the range 400–4000 cm−1 and the resolution of 4 cm−1 was done. The measurements of the samples
were normalized by the air background.

The wavelength values obtained in the analyses of eugenyl acetate they are represented in
Figure S1, where is observed the presence of the characteristic carbonyl band of the ester linked
to the aromatic ring at 1765 cm−1, confirming that only the acyl group was added to the eugenol
molecule [4,73,76].

4. Conclusions

Based on the characterization techniques employed to study the properties of the new catalyst
synthesized by this work, it can be concluded that flint kaolin was successfully used as an alternative
source of silicon and aluminum for mesoporous catalytic support (AlSiM) synthesis, once that the
material obtained has intrinsic properties of mesopore material. The anchoring of sulfonic groups in
the AlSiM structure enabled (3) SO3H/AlSiM to be active for eugenol acetylation with a maximum
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conversion of 99.9%. The performance of the catalyst was attributed to its high SSA (998 m2 g−1), Vp
(0.78 cm3 g−1), Dp (3.25 nm) and strong surface acidity (295 μmol g−1 of pyridine). material, which
favors diffusion regarding the conversion of the substrate and the product. Although successive reuse
of the catalyst showed a slight decrease in activity, it nonetheless showed 90% conversion recovery
over the fourth cycle, i.e., 92% of the original value (99.9%). The decrease in catalytic activity after
each catalyst reuse cycle results from the adsorption of molecules from the reagent or product to their
active sites. The integrity of the catalyst before and after the fifth cycle of reuse was confirmed by
XRD, which results confirmed that the mesoporous structure was preserved. The good stability, the
recyclability and the high catalytic activity in converting eugenol were remarkable characteristics of
this new catalyst, which were obtained by a simple method with reduced reaction time and cleaner
and lower cost processes. Therefore, that new eco-friendly heterogeneous catalyst was efficient to
synthesize a molecule with potential larvicidal activity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/5/478/s1.
Figure S1: Eugenol and Eugenyl acetate FTIR spectra, Figure S2: Mass spectrometry (GC/MS) (a) eugenol, (b)
eugenol and eugenol acetate, (c) acetate eugenol, Figure S3: Chromatograms (a) eugenol, (b) eugenol and eugenol
acetate (autocatalysis), (c) eugenol and eugenol acetate (catalyzed with (3)SO3H/AlSiM), (d) eugenol acetate
(catalyzed with (3)SO3H/AlSiM). Table S1: Chemical characterization of eugenol and eugenyl acetate by GC/MS.
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Abstract: The present investigation represents a concrete example of complete valorization of
Eucalyptus nitens biomass, in the framework of the circular economy. Autohydrolyzed-delignified
Eucalyptus nitens was employed as a cheap cellulose-rich feedstock in the direct alcoholysis to n-butyl
levulinate, adopting n-butanol as green reagent/reaction medium, very dilute sulfuric acid as a
homogeneous catalyst, and different heating systems. The effect of the main reaction parameters
to give n-butyl levulinate was investigated to check the feasibility of this reaction and identify the
coarse ranges of the main operating variables of greater relevance. High n-butyl levulinate molar
yields (35–40 mol%) were achieved under microwave and traditional heating, even using a very
high biomass loading (20 wt%), an eligible aspect from the perspective of the high gravity approach.
The possibility of reprocessing the reaction mixture deriving from the optimized experiment by the
addition of fresh biomass was evaluated, achieving the maximum n-butyl levulinate concentration
of about 85 g/L after only one microwave reprocessing of the mother liquor, the highest value
hitherto reported starting from real biomass. The alcoholysis reaction was further optimized by
Response Surface Methodology, setting a Face-Centered Central Composite Design, which was
experimentally validated at the optimal operating conditions for the n-butyl levulinate production.
Finally, a preliminary study of diesel engine performances and emissions for a model mixture with
analogous composition to that produced from the butanolysis reaction was performed, confirming its
potential application as an additive for diesel fuel, without separation of each component.

Keywords: n-butyl levulinate; alcoholysis; butanolysis; Eucalyptus nitens; microwaves; biorefinery;
diesel blends

1. Introduction

Levulinic acid (LA) is a biomass-derived platform chemical which has attracted increasing
interest in recent years due to the possibility to be converted into added-value derivatives, such as
biofuels, fragrances, solvents, pharmaceuticals, and plasticizers [1], thus justifying the increasing
worldwide market demand for LA production [2]. LA is traditionally produced in water medium
via dehydration of C6 sugars through the formation of 5-hydroxymethylfurfural as the main reaction
intermediate, the overall reaction occurring in the presence of a suitable acid catalyst [3–7]. Among the
LA-derived platforms chemicals, alkyl levulinates appear significantly attractive due to their potential
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applications developed in recent years for the global market scenario, such as fuel blending additives
for diesel/gasoline, and as intermediates for the synthesis of valuable polymers, perfumes, and flavoring
formulations [8,9]. Levulinates can be synthesized by the esterification of pure LA with a simple
equilibrium reaction, requiring a mild acid catalysis/reaction conditions, and generally affording very
high yields towards the desired ester products. Both the reduced number of process units and the
enhanced performances of new technological solutions, such as the reactive distillation, should allow
significant improvements in the economics of the esterification process [10–12]. However, despite
these ascertained potentials, the catalysis issue can be further improved, taking into account both the
synthetic strategy and the adopted feedstock. Up to now, much work has been done on the synthesis
of methyl and ethyl levulinates, which were recognized as effective additives for diesel and biodiesel
transportation fuels, showing excellent performances, including non-toxicity, high lubricity and good
flashpoint stability and flow properties under cold conditions [13–15]. In addition, the conversion
of these short-chain alkyl levulinates into more added-value bio-products, such as γ-valerolactone,
is preferred respect to that of LA due to the improved selectivity. Moreover, the hydrogenation of
alkyl levulinates with short alkyl chains facilitates down-stream processing as separation of alcohol in
the final step is easier and cheaper, compared to water [16]. The synthesis of alkyl levulinates was
carried out in the presence of homogeneous or, more advantageously, heterogeneous catalysts due
to their easy recovery from the reaction mixture, starting from pure LA or expensive pure model
precursors, such as C6 carbohydrates (glucose, fructose, and clean cellulose), C5 derivatives (furfuryl
alcohol), and even real lignocellulosic biomasses [17,18]. The one-pot synthesis of these levulinates
directly from monosaccharides, polysaccharides, and, above all, starting from lignocellulosic biomass,
has gained more interest due to the low cost of these feedstocks, and the feasibility of this approach
was demonstrated, in particular for the biomass alcoholysis to ethyl levulinate [19]. A key advantage
of the direct alcoholysis is represented by the limited formation of undesired furanic products, named
humins, when using alcohol (instead of water) as the solvent for biomass conversion [20,21]. On the
other hand, the yields of levulinate esters from real biomass are generally lower than those obtained
from pure model compounds due to the usually higher recalcitrance of the former [18], and to the
increased formation of reaction by-products, such as formates, HMF ethers and, above all, dialkyl
ethers, originating from the alcohol dehydration [20,21]. Differently, n-butyl levulinate (BL) was less
studied, but its use as an efficient fuel additive was already demonstrated [22], resulting in a more
promising diesel additive than EL [18,23]. In addition, n-butanol (n-BuOH) is a green reagent/solvent,
being obtainable by fermentation and also by catalytic conversion of bio-ethanol [24], thus further
justifying the interest towards the sustainable production of BL. Regarding the possible pathways for
BL production, as previously stated for methyl and ethyl levulinates, it can also be obtained with a
two-steps process from C5 or C6 carbohydrates or their conversion products (Pathway A or Pathway
B1, respectively, in Figure 1) or, more advantageously, with a one-pot approach from C6 carbohydrates
(Pathway B2, Figure 1). In the first case, furfuryl alcohol or LA (from hemicellulose and cellulose
fractions, respectively) must be synthesized in the first step, recovered, and properly purified before the
subsequent stage, consisting of acid alcoholysis or esterification, respectively. The C5 route (Pathway A,
Figure 1) is a three-step process consisting of: (1) acid-catalyzed hydrolysis of the hemicellulose fraction
to simpler C5 sugars and their dehydration to furfural; (2) hydrogenation of furfural over a suitable
catalyst to furfuryl alcohol; (3) acid alcoholysis of furfuryl alcohol to BL, occurring in the presence of
strong acid catalysts [25]. The C5 route was investigated in the literature adopting furfuryl alcohol
as starting feedstock, in the presence of heterogeneous catalysts, due to their easier separation from
the liquid reaction mixture [26–29]. On the other hand, BL synthesis through the C6 route (Pathway
B1, Figure 1) provides the hydrolysis of the C6 carbohydrates to LA, followed by its esterification in
n-BuOH, and both steps occur in the presence of a suitable acid catalyst.
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Figure 1. C5 and C6 sugar-based routes to n-butyl levulinate.

Regarding this C6 route, in the literature, it is possible to find many BL synthesis from pure LA,
the intermediate compound, usually preferring the use of heterogeneous catalysts, achieving excellent
yields (>90 mol%) under sustainable reaction conditions [9,30,31]. On the contrary, BL synthesis from
C6 carbohydrates was not exploited with the same emphasis, although this approach should result
very attractive from the industrial perspective if realized in a single step without any intermediate
purification procedures (Pathway B2, Figure 1), thus decreasing the BL production cost. In this context,
some authors have reported the one-pot butanolysis of microcrystalline cellulose to BL [32–41], which
is already very difficult to achieve due to its recalcitrance to the solubilization/conversion, while the
butanolysis of the real biomass, which includes lignin as a further recalcitrant component, is even
unexplored. In this regard, a simplified scheme of the C6 fraction butanolysis pathway is shown in
Figure 2.

Figure 2. C6 fraction butanolysis pathway starting from cellulose feedstock (adapted from [40]).

Butanolysis of the C6 fraction is a complex pathway, which involves the formation of many reactive
species, in particular butyl glucosides and furanic derivatives as the main reaction intermediates,
in addition to butyl formate (BF) as the main reaction co-product. Furanic intermediates are very
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reactive species, which could condense to solid insoluble polyfurans, the humins [40]. The first step
of the butanolysis process consists of the depolymerization of cellulose chains to form glucosides,
followed by the subsequent formation of furan derivatives, whereas the final step involves the
conversion of the furanic intermediates to BL, and all these steps occur in the presence of an acid
catalyst [40]. When the above reaction is performed adopting a real solid lignocellulosic biomass,
the use of homogeneous catalysts is the best choice. Some typical drawbacks, such as the possible
corrosion of the equipment, and the recovery of the acid catalyst, need to be further improved by
adopting very low acid concentrations and more technological work-up solutions. Moreover, the use
of a very low acid concentration in the alcoholysis reaction, which helps to minimize the corrosion
of the equipment, should also control the formation extent of by-products, in particular the dialkyl
ether [8,14]. In this context, it is noteworthy the work of Démolis et al. [37], who achieved the highest
BL molar yield of about 50 mol%, working in an autoclave at 200 ◦C for 30 min, adopting pure cellulose
as starting feedstock (2.4 wt%), with a very low concentration of H2SO4 (0.6 wt%). However, this good
BL yield, although academically interesting, was obtained with a low starting cellulose loading, which
should represent significant limitations for the development on the intensified industrial scale.

Definitely, at this state-of-the-art, the main bottlenecks of the published works are related to the
adoption of (1) model compounds as starting substrates instead of the cheaper and largely available
real biomasses, and (2) low substrate loading, which is not a limit for an academic investigation, in a
preliminary phase, but it is certainly for the next industrial scale-up. Therefore, the resolution of
both these aspects is fundamental for the BL development towards the biofuel market, and this work
contributes to filling this gap. In this context, wood is the most abundant type of lignocellulosic biomass
and, more in detail, Eucalyptus is a widespread, fast-growing, and widely distributed species, which
shows a good adaptation to grow in zones with a high probability of freezing and affording decreased
susceptibility to diseases [42–44]. It already shows an interesting potential in many industrial fields,
as in the paper-making production, where it is already used as a valuable and cheap fiber source.
Moreover, it is an ideal energy crop, thanks to its high yield, low energy input for production, low
cost, minimal contents of contaminants, and low nutrient requirements. From a different perspective,
it may represent a promising feedstock for many biochemical conversion processes, given its high
content of C5 and C6 carbohydrates (about 60 wt%) [42–44]. The use of this feedstock is particularly
advantageous if the complete fractionation and the successive valorization of each component are
achieved, according to the perspective of an integrated biorefinery [45]. In this context, the aim of the
present work is the complete exploitation of Eucalyptus nitens biomass. For this purpose, pre-treated
autohydrolyzed-delignified wood (ADW) Eucalyptus nitens was obtained from a first autohydrolysis
treatment of the starting raw biomass in order to remove and exploit hemicellulose and water-soluble
extractives, followed by a second step of delignification on the resulting solid through the HCl-catalyzed
acetic acid treatment (Acetosolv method). The recovered cellulose-rich feedstock was employed for
the one-pot production of BL in n-BuOH, adopting microwave (MW) and/or traditional (TR) heating,
in the presence of very dilute sulfuric acid as a homogeneous catalyst. MW heating represents an
important tool because it can reduce reaction time and energy consumption, thus improving the
efficiency of the process [46,47]. In the specific case of LA esterification, remarkable thermal (kinetic)
advantages of MW towards this reaction were already reported by Ahmad et al. [48]. The choice
of H2SO4 as the acid catalyst was done taking into account its promising catalytic performances in
the alcoholysis reaction to methyl and ethyl levulinates [49,50], while other acid catalysts, such as
HCl or H3PO4, resulted less active, for example in the case of the one-pot reaction from cellulose
to ethyl levulinate [49]. The effects of the main reaction parameters, temperature, reaction time,
and acid concentration were investigated by a traditional One-Factor-at-a-Time (OFAT) approach and
further optimized by Response Surface Methodology (RSM), developing a Face-Centered Central
Composite Design (FCCD), from the perspective of developing the BL process intensification. Finally,
a preliminary study of diesel engine performances and emissions for a model mixture with analogous
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composition to that produced from the alcoholysis reaction was performed in order to evaluate its
potential application as an additive for diesel fuel, without separation of each component.

2. Results and Discussion

2.1. Characterization of the Eucalyptus nitens Samples

The chemical composition of the starting untreated Eucalyptus nitens was as follows: 42.0 wt% of
cellulose, 14.5 wt% of hemicellulose, 21.4 wt% of Klason lignin, and 22.1 wt% of unidentified compounds
(including acid-soluble lignin, ash, extractives, waxes). After carrying out the autohydrolysis and
Acetosolv pretreatments, the mass yield of the ADW Eucalyptus nitens sample was 45.0 wt% of the
starting raw biomass, and its chemical composition resulted to be as follows: 85.0 wt% cellulose,
2.0 wt% hemicellulose, 4.1 wt% Klason lignin, 4.8 wt% acetyl groups, and 4.1 wt% of unidentified other
compounds. The compositional analysis of untreated and ADW Eucalyptus nitens samples confirms
the effective enrichment in cellulose and the depletion in hemicellulose and lignin as a consequence of
the chemical pre-treatments [51].

XRD analysis of the untreated and ADW Eucalyptus nitens samples was attained in order to
estimate the crystallinity index (CI) of the cellulose fraction, a paramount parameter for understanding
the behavior of biomass to the subsequent butanolysis reaction, achievable under an appropriate
severity degree [52]. The XRD spectra of the starting untreated and ADW Eucalyptus nitens biomasses
are reported in Figure 3. Here, deconvoluted curves were reported, including that due to amorphous
cellulose (at about 2θ = 21.5◦) and those related to the crystalline planes, with Miller indices of 101, 10ı̄,
002 e 040.

Figure 3. XRD spectra of (a) untreated and (b) autohydrolyzed-delignified wood (ADW) Eucalyptus
nitens samples.

A higher crystallinity degree was obtained for the ADW sample rather than for the untreated
one (46.8 versus 43.3%, respectively), ascribed to the partial removal of both lignin and hemicellulose
fractions for the ADW sample as a consequence of the pre-treatment, leading to greater exposure of
the crystalline cellulose fraction [53]. Besides, autohydrolysis pre-treatment allowed the preferential
removal of the amorphous component of the cellulose, leaving almost unchanged the crystalline
portion [54].

FT–IR characterization of the untreated and ADW Eucalyptus nitens samples was also carried out,
and the acquired spectra are reported in Figure 4.
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Figure 4. FT–IR spectra of (a) untreated and (b) ADW Eucalyptus nitens samples.

In the IR spectrum of the untreated Eucalyptus nitens sample, typical bands of biomass
macro-components, cellulose, hemicellulose, and lignin derivatives, are detected, such as that at
about 3400 cm−1, assigned to the O-H stretching, and that at about 2900 cm−1, due to the C-H stretching.
Moreover, the absorption band at about 1730 cm−1 is assigned to the C=O stretching of ester bonds,
such as acetyl derivatives, while those at 1600 cm−1 and 1510 cm−1 indicate the presence of C=C
ring vibrations, which are typical of lignin units [55,56]. In the region between 1500 and 1300 cm−1,
absorption bands ascribed to the bending of the O-H bonds and the vibrations of the methyl and
methylene groups of both lignin and cellulose are present. The absorption bands between 1300
and 1200 cm−1 are due to the stretching of the C-O bonds of the alcoholic, phenolic, and carboxyl
groups. The shoulder at about 1160 cm−1 can be assigned to the stretching of the C-O-C bond of the
hemicellulose and cellulose, while the absorption bands at about 1030 cm−1 and that at about 900 cm−1

are due to the stretching of the C-O-C β-glycosidic bonds of the cellulose [55,56]. Regarding the IR
spectrum of ADW Eucalyptus nitens biomass, the absorption bands of lignin rings at 1600 cm−1 and
1510 cm−1 are absent, thus confirming the efficacy of the Organosolv treatment. In addition, a new
absorption band is present at about 1050 cm−1, which is uniquely assigned to the C–O stretching of the
cellulose [57], thus indirectly confirming the occurred cellulose enrichment for the ADW Eucalyptus
nitens sample. The other absorption bands are similar to those discussed for the untreated Eucalyptus
nitens biomass.

2.2. Univariate Optimization: OFAT Approach

After having demonstrated the occurred cellulose enrichment of the ADW Eucalyptus nitens, this
biomass was our preferred choice for performing the next one-pot butanolysis to BL, thus further
developing the biorefinery concept of this biomass. For this purpose, alcoholysis of ADW Eucalyptus
nitens (range of biomass loading: 7–20 wt%) in n-BuOH was preliminarily investigated by a traditional
One-Factor-at-a-Time (OFAT) approach, employing both MW and TR heating, in the presence of
1.2 wt% H2SO4 (Table 1). Starting from the published results [8,36], in the beginning, the biomass
loading of 7 wt% and the temperature of 190 ◦C, under MW heating, were selected for studying
the behavior of the reaction (Runs 1–3, Table 1). At the increase of the reaction time, the BL molar
yield raised to 42 mol% after 15 min. The extension of the reaction time did not affect the BL molar
yield, which was stable at 42 mol%. Under the optimized reaction conditions (MW, 190 ◦C, 15 min),
the comparison between ADW and untreated Eucalyptus nitens biomass was investigated (Runs 2
and 4, Table 1): the employment of the starting crude Eucalyptus nitens without any pre-treatment
allowed us to obtain the same BL molar yield of 42 mol% as the corresponding ADW sample, but the
BL concentrations in the final reaction mixtures were 23 g/L for the ADW sample against 12 g/L for
the crude Eucalyptus nitens due to the higher cellulose content in the ADW biomass. Finally, a further
test employing TR heating was carried out (Run 5, Table 1) employing the ADW Eucalyptus nitens
wood as substrate: after 120 min, the BL molar yield of 49 mol% was obtained together with the BL
concentration of 27 g/L, demonstrating that analogous promising results can be also achieved with TR
heating, even if a longer reaction time was necessary.
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Table 1. One-pot butanolysis of the untreated or ADW Eucalyptus nitens to n-butyl levulinate (BL),
adopting microwave (MW), or traditional (TR) heating. Reaction conditions: biomass loading 7 wt%,
190 ◦C, H2SO4 1.2 wt%.

Run Biomass Heating Time (min) BL Yield (mol%) BL Conc. (g/L)

1 ADW MW 10 32 18
2 ADW MW 15 42 23
3 ADW MW 30 42 23
4 Untreated MW 15 42 12
5 ADW TR 120 49 27

Taking into account the low cost of the starting biomass, it is more important to achieve high BL
concentrations in the final mixture rather than to maximize the BL molar yield respect to cellulose
fraction present in the starting biomass, making the entire process economically convenient due to the
significant reduction of the purification cost, from the perspective of the high gravity approach [58].
On this basis, the biomass loading was increased to 14 and 20 wt% and the obtained results adopting
MW heating, working at 190 ◦C, for 15 min, in the presence of H2SO4 1.2 wt%, are shown in Figure 5.

Figure 5. One-pot MW-assisted butanolysis of the ADW Eucalyptus nitens sample to BL, adopting
different biomass loadings (7, 14, and 20 wt%). Reaction conditions: 190 ◦C, 15 min, H2SO4 1.2 wt%,
MW heating.

The increase of the initial biomass loading caused the decrease of BL molar yield as expected
considering that, when a higher initial biomass loading is employed, adopting the same amount
of catalyst, not only the catalyst/biomass weight ratio decreases, but also the mixture mixing can
become more difficult, working in slurry phase. However, at the increase of initial biomass loading,
the decrease of BL molar yield was not significant and it was associated with a huge increase of BL
concentrations, highlighting the effectiveness of the high gravity approach. The same reactions were
also carried out under TR heating to confirm the feasibility of this reaction on a larger scale, and the
comparison between the two systems is shown in Table 2.

Table 2. One-pot butanolysis of the ADW Eucalyptus nitens to BL, with different biomass loadings (7, 14,
and 20 wt%), adopting MW and TR heating systems. Reaction conditions: 190 ◦C, H2SO4 1.2 wt%.

Run
Biomass

Loading (wt%)
Heating Time (min)

BL Yield
(mol%)

BL Conc. (g/L)

6 ADW 7 wt% TR 120 49 27
7 ADW 7 wt% MW 15 42 23
8 ADW 14 wt% TR 120 44 53
9 ADW 14 wt% MW 15 34 41

10 ADW 20 wt% TR 120 37 69
11 ADW 20 wt% MW 15 29 54

The shift from the MW to the TR heating system was demonstrated, in the latter case requiring
much longer reaction times to get comparable BL molar yields. As already achieved for the MW
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heating, also for TR, the systematic decrease of the BL molar yield, occurring with the increase of
the initial biomass loading, may be due to the increase of the substrate/catalyst ratio, leading to an
insufficient amount of catalyst, and to the inefficient agitation of the reaction slurry.

At this level of investigation, the above tests with TR heating confirm the MW data, further
justifying and claiming our high gravity approach. Good results were achieved with the biomass
loading of 20 wt% (Runs 10 and 11, Table 2), and therefore, 25 wt% of biomass loading was also tested,
always under TR heating. Unfortunately, in this last case, although the decrease of BL molar yield
(35 mol%) was not significant with a related very high BL concentration (87 g/L), considerable practical
difficulties were encountered in filtering and recovering the liquid phase. For this reason, even in the
case of TR heating, the best result, in the application perspective, is obtained with the biomass loading
of 20 wt%. The achieved results are very interesting because, up to now, BL molar yield higher than
30 mol%, corresponding to the best BL concentration of about 70 g/L, with the initial biomass loading
of 20 wt%, has never been ascertained under TR heating, opening the way towards the industrial
adoption of this approach for BL synthesis.

On the basis of the promising results obtained with the biomass loading of 20 wt%, the best
alcoholysis test under TR heating (Run 10, Table 2) was further investigated, adopting lower reaction
times (30 and 60 min), to gather more information about the kinetics. These new data are reported
in Figure 6. This figure shows that the most significant improvement, in terms of BL molar yield,
was achieved already after 60 min. Lower reaction times (30 min) are not sufficient for the complete
conversion of the reaction intermediates to BL, while higher ones (120 min) are not advantageous, not
leading to further raise of BL molar yield. In terms of BL concentration, the increase is remarkably
moving from 30 to 60 min (52 and 72 g/L, respectively), while it remains almost constant at longer
reaction times.

Figure 6. Kinetics of the one-pot butanolysis of the ADW Eucalyptus nitens sample (20 wt%) to BL.
Reaction conditions: biomass loading 20 wt%, 190 ◦C, H2SO4 1.2 wt%, TR heating.

The increase of the final BL concentration is certainly a key parameter for the industrial scale-up of
the reaction. In our case, only by acting on the biomass loading (up to the maximum of 20 wt%), it was
possible to significantly increase the final BL concentration from the perspective of the high gravity
approach. To further boost the concentration of the desired BL, it is possible to reprocess the mother
liquor with fresh biomass, without adding further solvent and catalyst, according to the cross-flow
approach [42]. This approach is certainly advantageous and smart, especially starting from cheap
biomasses, as in our case. In this regard, the mother liquor deriving from the best alcoholysis run
carried out under TR heating (run at 60 min, Figure 6) was used for a subsequent analogous alcoholysis
reaction. In this additional step, a lower biomass loading (10 wt%) was adopted due to the very high
viscosity of the liquor, and the results are reported in Table 3.

The final high BL concentration achieved with an additional alcoholysis step (85 g/L) justifies the
validity of our approach. Regarding the BL molar yield, the small decrease occurred in the second step,
despite the lower biomass loading, is probably due to the presence of reaction by-products obtained at
the end of the first alcoholysis step, such as dibutyl ether (DBE), in other words to the lower amount of
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n-BuOH available for the second alcoholysis step. However, these differences, in terms of BL molar
yield, are not significant, being largely rewarded by the increase in BL concentration, the latter being a
much more important process output, especially from an industrial perspective, allowing significant
cost reduction of purification and separation treatments.

Table 3. Cross-flow butanolysis of ADW Eucalyptus nitens to BL. Reaction conditions: 190 ◦C, 60 min,
H2SO4 1.2 wt% (added only at the 1st step), TR heating.

Step Biomass Loading (wt%) BL Yield (mol %) BL Conc. (g/L)

1st 20 39 72
2nd 10 21 85

2.3. Design of Experiments and Optimization by RSM

The above promising preliminary results, prompted us to study the combined effect of three
main factors, including temperature, reaction time and catalyst loading, on the butanolysis reaction,
adopting an FCCD (α = 1). BL molar yield was chosen as the response of interest, but the other main
components of the reaction mixture were also determined. The ranges of the independent variables
for planning the DOE were selected on the previous OFAT screening: temperature, x1 (160–200 ◦C);
reaction time, x2 (30–180 min), catalyst loading, x3 (0.2–3 wt%). These actual parameters were coded in
three levels according to Equation (1):

Xi = (xi − x0)/Δx (1)

where Xi is the coded value of the independent variable, xi is the real value of the independent variable,
x0 is the real value of the independent variable at the center point, and Δx is the step change value.
The complete case studies of 18 experiments, realized at the constant biomass loading of 20 wt%,
are shown in Table 4, together with the respective experimental responses.

Table 4. Experimental design and BL molar yield (%) response of the Face-Centered Central Composite
Design (FCCD) for different combinations of temperature, reaction time, and catalyst loading, all realized
at the constant biomass loading of 20 wt%.

Run
Coded

Parameter
(Temp.) X1

Coded
Parameter
(Time) X2

Coded
Parameter (Cat.

Loading) X3

Actual
Parameter

(Temp.) x1, ◦C

Actual
Parameter

(Time) x2, min

Actual Parameter
(Cat. Loading)

x3, wt%

BL Molar
Yield

Y, mol%

1 1 1 −1 200 180 0.2 38
2 −1 0 0 160 105 1.6 35
3 −1 1 −1 160 180 0.2 6
4 1 −1 −1 200 30 0.2 20
5 −1 1 1 160 180 3.0 42
6 0 −1 0 180 30 1.6 36
7 0 0 1 180 105 3.0 40
8 1 1 1 200 180 3.0 34
9 0 0 0 180 105 1.6 40
10 1 0 0 200 105 1.6 37
11 1 1 −1 200 180 0.2 33
12 1 −1 1 200 30 3.0 41
13 0 0 0 180 105 1.6 42
14 −1 −1 −1 160 30 0.2 0
15 −1 −1 1 160 30 3.0 25
16 0 0 0 180 105 1.6 42
17 0 1 0 180 180 1.6 41
18 0 0 −1 180 105 0.2 21

The experimental data were analyzed by Design-Expert software and a second-order polynomial
model was developed to correlate the process parameters with the response, thus obtaining Equation (2):

Y = 40.54 + 6.27X1 + 3.97X2 + 9.63X3 − 1.41X1X2 − 5.59X1X3 − 1.84X2X3 − 3.95X1
2

− 1.45X2
2 − 9.45X3

2 (2)
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According to the monomial coefficient value of the regression model equation, the order of priority
among the main effects of impact factors is the following: catalyst loading > temperature > reaction
time. Linear parameters have a significant synergistic effect on the response, since they have a positive
coefficient, whereas the remaining combined and quadratic terms show significant antagonistic effects,
thus highlighting the importance of the DOE optimization.

In Table 5, the results of the analysis of variance (ANOVA) are summarized to test the soundness
and suitability of the model [59]. The mean squares values were calculated by dividing the sum of
the squares of each variation source by their degrees of freedom, and a 95% confidence level was
used to determine the statistical significance in all analyses. Results were assessed with p-value
and F-value as the main statistical parameters of interest. The R2 value for the quadratic model is
0.9102, which demonstrates a close agreement between experimental and predicted values of the BL
molar yield. The R2 adjusted is 0.8091 (>0.6), expressing that the model is significant. An adequate
precision value of 11.2385 (>4) highlights a good signal, therefore this model can be used to describe
the design space. Regarding the other parameters, both high F- and low p-values indicate the high
significance of the corresponding coefficients of the model [58]. In our case, the model has an F-value
of 9.01 (much greater than unity) and a p-value of 0.0025 (<0.05), which also implies that the model is
significant. There is only a 0.25% chance that such a large F-value could occur due to noise. F-values of
C, A, AC, and C2 in Table 5 show that these are significant model terms, firstly C (catalyst loading)
and secondly A (temperature), thus confirming the key roles of both these reaction variables on the
butanolysis reaction, while reaction time has a modest effect. This latter aspect is certainly assessed to
the chemistry of the butanolysis reaction, but also to the very efficient MW heating, which narrows the
range of reaction time for reaching the optimal BL molar yield. Moreover, the same order of importance
of the independent variables is deduced taking into account the p-values, whose significances are
ascertained because of p < 0.05.

Table 5. ANOVA for the response surface quadratic model.

Source
Sum of
Squares

Degree of
Freedom

Mean
Squares

F-Value p-Value Remark

Model 2452.42 9 272.49 9.01 0.0025 Significant
A—Temp. 416.24 1 416.24 13.76 0.0060
B—Time 166.85 1 166.85 5.51 0.0468

C—Cat. Load. 982.23 1 982.23 32.46 0.0005
AB 17.18 1 17.18 0.5676 0.4728
AC 268.38 1 268.38 8.87 0.0177
BC 29.01 1 29.01 0.9586 0.3562
A2 41.99 1 41.99 1.39 0.2726
B2 5.67 1 5.67 0.1873 0.6766
C2 240.22 1 240.22 7.94 0.0226

Residual 242.08 8 30.26

Lack of fit 226.91 5 45.38 8.98 0.0503 Not
significant

Pure error 15.17 3 5.06
Cor Total

R2 = 0.9102
R2

adj = 0.8091
2694.50 17

p < 0.05 is considered significant.

Diagnostic plots (predicted vs. actual plot and normal plot of residues) were checked for the
adequacy and accuracy of the proposed model equation. The predicted vs. actual plot indicates that
the points should be aligned with a straight line, and the normal plot of residues shows whether the
residuals are in normal distribution [60]. A predicted vs. an actual plot of BL molar yield is shown in
Figure 7a, which shows as the predicted values are close to the observed ones, in agreement with the
above discussion. Additionally, the residuals showed a good fit to a normal distribution, indicating a
high significance (Figure 7b).
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Figure 7. (a) Predicted versus actual plot, and (b) normal plot of residues.

Design-Expert software was used to produce three-dimensional (3D) response surfaces and
two-dimensional (2D) contour plots. The 3D surfaces and 2D contour plots are graphical representations
of the regression equation for the optimization of reaction conditions, which are very useful to visualize
the relationship between the response variables and experimental levels of each factor. In such plots,
the response functions of two factors are presented, while the remaining factor is kept constant at the
central values. These graphs are shown in Figure 8.

Figure 8. Three-dimensional (3D) response surfaces and two-dimensional (2D) contour plots: effect
of temperature, reaction time, and acid concentration on BL molar yield. (a,b) catalyst loading was
kept constant at 1.6 wt%; (c,d) reaction time was kept constant at 105 min; (e,f) temperature was kept
constant at 180 ◦C.
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Figure 8a,b confirms that the positive effect of the temperature on BL molar yield is more significant
than that of the reaction time, at constant catalyst loading. In detail, a temperature higher than 180 ◦C
is necessary to ensure the highest BL molar yield (about 40 mol%), together with relatively short
times (up to about 120 min). On the other hand, a temperature lower than 180 ◦C is insufficient to
achieve high BL molar yield, regardless of the adopted reaction times. Figure 8c,d elucidates that,
firstly the catalyst loading, and secondly the temperature, strongly affect the BL yield, at constant time.
This trend provides that a catalyst loading higher than 1.6 wt% is necessary to accomplish a very high
BL molar yield, and that a lower catalyst loading should be associated with a corresponding higher
reaction temperature (190–200 ◦C). Lastly, Figure 8e,f further confirms that, at a constant temperature,
the catalyst loading has a strong non-linear influence on BL molar yield, and it should be higher than
1.6 wt%, while reaction time has a weaker effect, showing a feeble and presumably not significant
curvature, as previously stated.

Starting from the above discussion, it is evident that the optimal solution for the BL optimization
is not univocal, but involves rather a spatial region of the 3D response surfaces and 2D contour plots,
depending on the combined choice of independent variables. The final stage of the design is the
determination of the criteria for optimization and model validation. The optimization criterion was
the maximum BL molar yield within the space design, with the independent variables kept within the
range. For this purpose, starting from the acquired response surfaces and contour plots (Figure 8),
the ranges of catalyst loading, temperature and reaction time, were further narrowed to those of greatest
and practical interest for maximizing BL molar yield, avoiding the highest levels, in agreement with a
more sustainable optimization approach. The identified ranges of interest were selected as follows:
180–190 ◦C for the temperature, 1.6–2.3 wt% for the catalyst loading, and 90–150 min for the reaction
time. One of the possible solutions at the optimum levels (183 ◦C, 146 min, H2SO4 1.9 wt%) was
experimentally carried out, and the experimental BL molar yield was compared with that predicted,
as shown in Table 6. The results confirm the good agreement between the predictive and experimental
results, at the optimum levels for BL synthesis, thus demonstrating the validity of our proposed model.

Table 6. Predicted and experimental BL yield: model validation.

Run
Actual Parameter

x1, ◦C
Actual Parameter

x2, min
Actual Parameter

x3, wt%

BL Yield (mol%)
Desirability

Predicted Experimental

19 183 146 1.9 44 42 1000

2.4. Identification of the Reaction By-Products and Application Perspectives of the Final Reaction Mixture

Before developing the possible engine applications of the final alcoholic mixture, it is necessary to
analyze more in-depth its chemical composition, to better define its final use as biofuel. In this context,
some authors have identified some reaction intermediates/by-products, but their quantification has not
been reported [37], which is very useful for dealing with an in-depth discussion about the possible
applications of this alcoholic mixture. Some possible intermediates/by-products were already defined in
the Section 1 (Figure 2), in particular, furanic derivatives and glucosides as main reaction intermediates,
and BF as the main reaction co-product. Furanic intermediates are very reactive species, which could
condense to give solid polyfurans, or humins [40] and, in our case, their partial solubilization in the
alcoholic mixture is more favored, if compared to the traditional hydrothermal path due to the presence
of the alcoholic solvent, which acts as a polymerization inhibitor for humins growth [21,61]. Taking into
account the chemical composition of ADW Eucalyptus nitens, which has a significant content of acetyl
groups (4.8 wt%), deriving from the upstream Acetosolv treatment, these groups can be released during
the alcoholysis, thus enabling the acid-catalyzed formation of butyl acetate (BA). Lastly, n-BuOH can
be etherified to give dibutyl ether (DBE) and water, the latter in equimolar amount respect to DBE,
and also this reaction favorably occurs in the presence of the adopted sulfuric acid catalyst [37].

To confirm the presence of the above by-products, the reaction mixtures recovered from the
experiments planned for the FCCD (Table 4) and the model validation (Table 6), were qualitatively
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analyzed by GC–MS, identifying BF, DBE, and BA as main reaction by-products, together with
the unconverted n-BuOH. These compounds were subsequently quantified by GC–FID, and the
corresponding mass yields in the organic phase are reported in Table 7, together with that of the
product of interest (BL).

Table 7. Composition of the organic reaction mixtures recovered from the experiments planned for the
FCCD and for the model validation, working at the constant biomass loading of 20 wt%.

Run Temperature (◦C) Time (min) Catalyst Loading (wt%)
Composition (wt%)

BL DBE BA n-BuOH

1 200 180 0.2 9 18 3 70
2 160 105 1.6 9 13 3 76
3 160 180 0.2 1 4 3 91
4 200 30 0.2 6 6 3 85
5 160 180 3.0 11 23 3 63
6 180 30 1.6 9 11.7 3 77
7 180 105 3.0 10 37.9 3 49
8 200 180 3.0 10 58.3 3 28
9 180 105 1.6 10 26.8 3 61
10 200 105 1.6 9 45.0 3 43
11 200 180 0.2 7 10.6 3 80
12 200 30 3.0 10 37.9 3 49
13 180 105 1.6 10 23.8 3 63
14 160 30 0.2 0 0.8 2 97
15 160 30 3.0 7 9.4 3 81
16 180 105 1.6 10 26.2 3 61
17 180 180 1.6 10 33.3 3 54
18 180 105 0.2 5 7.1 3 85
19 183 146 1.9 11 39.4 3 47

The above data show that the variation of BA and BL yield within the investigated ranges of the
independent variables is modest, if compared with that of DBE (and consequently that of n-BuOH),
which represents the main reaction by-product, even in the case of the optimum experiment for BL
synthesis (Run 19, Table 7). DBE represents a high cetane component (CN = 100) and it was already
tested in blend with diesel fuel, leading to very short ignition delays, so its possible application
in compression ignition engines is favorable and attractive [22]. However, different experimental
conditions should allow a significant modulation of the DBE to n-BuOH weight ratio, etherification
being significantly favored by the acidity increase (compare Runs 1 and 8). On this basis, the best
experimental choice for performing the biomass butanolysis should lead to a good production of both
BL and DBE, while the unconverted n-BuOH could be eventually recovered and reused within the same
process [62]. In principle, the organic ternary mixture BL/DBE/n-BuOH could be immediately exploited,
without separation of its components as an innovative diesel fuel additive, thus making the alcoholysis
reaction a viable route to the direct production of a blending component. In addition, the amount of
the adopted mineral acid for the butanolysis reaction should be as low as possible, to avoid costly
work-up procedures and, on this basis, the reaction mixture deriving from Run 1 represents the best
compromise for developing the next application of this mixture as a diesel additive. In order to explore
this never reported perspective, a preliminary study was carried out employing a model mixture
BL/DBE/n-BuOH as an additive for diesel fuel. At this preliminary level of investigation, the addition
of BA, which is a minor product closely related to the adopted biomass, was not considered.

2.5. Engine Experimental Activity

A preliminary engine experimental activity was carried out to verify the influence of these
oxygenated fuel additives on diesel engine performance. As aforementioned, the ternary mixture
available from one-pot butanolysis of raw and ADW biomass is mainly composed of BL, DBE,
and unreacted n-BuOH. These compounds represent valuable oxygenated fuels and their properties
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were already investigated, singularly, in blend with diesel [22,63–66]. The properties of all fuel
components are shown in Table 8 and compared with those of commercial diesel fuel.

Table 8. Overview of biomass resources available from the literature [13,21,61].

Properties DBE BL n-BuOH Diesel

Tevaporation (◦C) 140 232 118 180–360
O2 (wt%) 12 28 21.6 0

Density (g/L) 769 a 974 a 810 b 837 b

CN c (−) 100 14 25 50
LHV d (MJ/Kg) 42.8 27.4 33.1 43
ν e (mm2/s) 0.72 1.5 2.22 2.6

a Density at 25 ◦C. b Density at 20 ◦C. c Cetane Number. d Lower Heating Value. e Kinematic viscosity at 40 ◦C.

The above properties show that both n-BuOH and BL have a lower Cetane Number than diesel.
This is a known behavior reported by Koivisto et al. [66,67] for alcohols and levulinates, including
n-BuOH and BL, respectively. These compounds are characterized by higher ignition delays (i.e., lower
Cetane Number) than alkanes of the same carbon atom chain length. However, ethers, such as
DBE, have an opposite behavior and show lower ignition delays in comparison with alkanes [67].
Taking into account the components of the ternary mixture obtained from alcoholysis reaction of
biomass, DBE can play a fundamental role as a cetane enhancer, making its controlled coproduction in
the alcoholysis highly valuable in this applicative perspective. Moreover, this characteristic enables us
to test diesel blended with a high-volume percentage of the ternary mixture. In addition, the use of the
n-BuOH/DBE/BL mixture leads to an increase in the fuel oxygen content. Generally, oxygenated diesel
blends ensure, especially in the areas of the cylinder with a low air-to-fuel ratio, the presence of oxygen
directly from the fuel and, consequently, soot precursors reduction [22,68]. In this context, n-BuOH
and BL represent the two components of the mixture which mostly influence the oxygen content in the
final blend with diesel.

By considering that the final composition of the reaction can be easily tuned, a model mixture
with a composition similar to that of Run 1 in Table 7 was prepared and tested on a small diesel
engine. The mixture, whose composition is reported in Table 9, was blended in three different volume
percentages with diesel: 10, 20, and 30 vol % (named MIX1 10%, MIX1 20%, MIX1 30%).

Table 9. Composition of the prepared ternary mixture.

Mixture n-BuOH (wt%) DBE (wt%) BL (wt%)

MIX1 70 20 10

This mixture was utilized in the experimental engine at different rpm values (1500, 2000,
and 2500 rpm) at full power (Tmax). Data of the engine performance were compared with those
obtained with diesel fuel alone, and all the data of the engine performances are reported in Figure 9.
Fuel injection timing was maintained constant along with the experimentation.
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Figure 9. Engine performances obtained with diesel fuel, alone and in blends with n-BuOH/dibutyl
ether (DBE)/BL.

The use of different blending (from 10 to 30 vol %) with diesel fuel does not significantly affect the
power of the employed engine, meaning that the calorific values and the reactivity of these mixtures
do not significantly differ from those of commercial diesel fuel. Moreover, no considerable variation
of HC and NOx emissions occurs with the use of the adopted mixtures. Literature reports different
nitrogen oxides behavior as a function of the fuel type, which indicates that its emission strongly
depends on several other factors besides the employed fuel, and these are not easily detachable within
the performed analysis [69,70].

On the other hand, a strong reduction of both CO and soot emission was obtained as the blend of
both the ternary mixtures was increased. This can be addressed to the increased combustion oxygen
availability which plays a key role in the formation process of the carbon-based pollutants, such as soot
or CO. Particularly, the oxygen provided by the fuel reduces the low air excess zones which are the
main cause of the soot formation. Furthermore, more oxygen is available from fuel, and less carbon is
present for CO or soot formation. Svensson et al. [71] found that the soot emissions could be reduced
to 0 when fuel oxygen content reaches 27–35 wt%. Another aspect that contributes to decreased CO
and soot when applying the two mixtures is the lower boiling point of the oxygenated components
in comparison with diesel fuel. This leads to a kind of “droplet explosion” once the fuel mixture is
introduced in a hot ambient, such as the cylinder at the end of the compression stroke, increasing the
spray fragmentation and mixing [72,73], so increasing the combustion completion of carbon-based
molecules is necessary.

3. Materials and Methods

3.1. Materials

Eucalyptus nitens was collected locally in the Galicia region (Spain). The starting untreated and
ADW Eucalyptus nitens biomasses were milled with a knife mill, using a 0.5 mm metal mesh, air-dried,
and further processed according to the following pre-treatments. Regarding the ADW treatment,
the raw Eucalyptus nitens was first subjected to autohydrolysis. For this purpose, the sample was
suspended in water and treated in a stainless steel reactor (Parr Instruments Company, Moline, IL,
USA) under non-isothermal conditions, adopting a water/biomass weight ratio of 10/1, up to the final
temperature of 193 ◦C [51]. Then, the solid residue was recovered and subsequently underwent an
Acetosolv treatment, with a mixture of 90.00% acetic acid, 9.78% water, and 0.22% hydrochloric acid.
For this purpose, the temperature was maintained at 134 ◦C for 30 min, adopting the solid/liquid
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weight ratio of 1/10 [51]. Solid residue obtained from this treatment was recovered by filtration, washed
with water, and finally air-dried.

3.2. Characterization of the Starting Eucalyptus nitens Samples

The compositional analysis of the starting untreated and ADW Eucalyptus nitens samples was
carried out based on the standard NREL procedures [74,75]. XRD analysis was carried out using
a vertical goniometer diffractometer D2-PHASER (Bruker, Billerica, MA, USA). The analyses were
performed using the CuKα radiation at 1.54 Å as the X-ray source. The interval used was 5◦ < 2θ < 40◦,
with a resolution of 0.016◦. DIFFRAC software (Bruker AXS, Karlsruhe, Germany) was used for spectra
processing. The crystallinity index of the Eucalyptus nitens samples was calculated after deconvolution
of the curves, which was carried out by the PeakFit software (Systat Software Inc., San Jose, CA, USA),
taking into account the contribution of the amorphous component (at about 2θ = 21.5◦) and the peaks
related to the crystalline plans with Miller indices 101, 10ı̄, 002 e 040, as reported in the literature [52].
The integration of the areas of these peaks allowed the estimation of the crystallinity index (CI) of the
cellulose, based on Equation (3):

CI(%) = [1 − (AAM/ATotal)] × 100 (3)

where AAM is the area of the peak corresponding to the amorphous cellulose, and ATOT is the total
area of all peaks.

Fourier Transform–Infrared (FT–IR) characterization of the biomass samples was performed with
a Perkin-Elmer Spectrum-Two spectrophotometer (Perkin–Elmer, Waltham, MA, USA), equipped with
an Attenuated Total Reflectance (ATR) apparatus. The acquisition of each spectrum has provided 12
scans, with a resolution of 8 cm−1, in the wavenumber range between 4000 and 450 cm−1.

3.3. Alcoholysis Experiments

MW-assisted alcoholysis of the untreated and ADW Eucalyptus nitens samples to BL was performed
in the single-mode MW reactor (CEM Discover S-class System), employing the 35 mL vessel with a
Teflon stir bar. Once the starting biomass, n-BuOH, n-dodecane (internal standard) and sulfuric acid
(catalyst) were weighed in the vessel, the reactor was closed and the sealed system was irradiated up
to the set-point temperature. The maximum pulsed-power of 300 W was used to heat the samples.
During the reaction, pressure and temperature values were continuously acquired with the software
and controlled with a feedback algorithm to maintain the constant temperature. At the end of
each hydrolysis reaction, the reactor was rapidly cooled at room temperature by blown air and the
solid-liquid slurry was recovered, filtered under vacuum, properly diluted with acetone, and analyzed
by Gas Chromatography.

Alcoholysis experiments with conventional heating were carried out in the 60 mL glass reactor.
Once the starting biomass, n-BuOH, n-dodecane (internal standard) and sulfuric acid (catalyst) were
weighed in the reactor, it was closed and the sealed system was placed in an oil bath, previously heated
to the set-point temperature. At the end of each alcoholysis reaction, the reactor was rapidly cooled
at room temperature by blown air and the solid-liquid slurry was recovered, filtered under vacuum,
properly diluted with acetone, and analyzed by Gas Chromatography. For this purpose, the reaction
products were qualitatively identified by Gas Chromatography coupled with Mass Spectrometry
(GC–MS), and subsequently quantified by Gas Chromatography coupled with Flame Ionization Detector
(GC–FID). Regarding GC–MS analysis, a gas chromatograph Hewlett-Packard (Hewlett-Packard HP,
Palo Alto, CA, USA) HP 6890 equipped with an MSDHP 5973 detector and with a G.C. column
Phenomenex Zebron with a 100% methyl polysiloxane stationary phase (30 m × 0.25 mm × 0.25 μm),
was used. The transport gas was helium 5.5 and the flow was 1 mL/min. The temperatures of the
injection port and detector were set at 250 ◦C and 290 ◦C, respectively. The carrier pressure at 100 kPa
and the split flow at 3.40 ms−1 were adopted. The oven was heated at 60 ◦C for 3 min, and then the
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temperature was raised at 10 ◦C/min up to 260 ◦C for 5 min, and lastly, 10 ◦C/min up to 280 ◦C for 3 min.
GC–FID analysis was carried out by a DANI GC 1000 DPC (Dani Instruments S.P.A., Cologno Monzese,
Italy) gas chromatograph, equipped with a fused silica capillary column—HP-PONA cross-linked
methyl silicone gum (20 m × 0.2 mm × 0.5 μm). The FID ports were set at 250 ◦C. The oven temperature
program was set at 90 ◦C for 3 min and then increased at the rate of 10 ◦C/min up to 260 ◦C, where
it was maintained for 5 min, then up to 280 ◦C with the rate of 10 ◦C/min and maintained for 3 min.
Nitrogen was used as the carrier gas, at the flow rate of 0.2 mL/min. Quantitative determination of
BL, DBE, BA, and unconverted n-BuOH was carried out with the internal standard method, using
n-dodecane as the internal standard. Each analysis was carried out in duplicate and the reproducibility
of the technique was within 5%.

The yield to BL was calculated as follows:

Yield to BL (mol%) = (mol BL/mol C6H10O5 units in the starting biomass) × 100 (4)

Besides, in the case of the Cross-Flow experiments, BL yield was calculated as follows:

Yield to BL (mol%) = (mol BL obtained in the 2nd step/mol C6H10O5 units
in the biomass added in the 2nd step) × 100

(5)

3.4. Experimental Design

Response Surface Methodology (RSM) and Face-Centered Central Design (FCCD) were employed
for the reaction optimization by maximizing the response, that is BL molar yield, investigating
appropriate ranges of the independent variables. The chosen independent variables are temperature,
reaction time, and catalyst loading, as reported in Table 4. Their levels were selected starting from
preliminary One-Factor-at-a-Time (OFAT) experiments. The experimental design in this study required
18 experimental runs, which included 4 replicates. The software Design-Expert 12 (12.0.1.0) Trial
Version (Stat-Ease, Inc., Minneapolis, MN, USA) was adopted to process and analyze the results.
The data were fitted to the polynomial model and presented in the analysis of variance (ANOVA).
The quadratic equation that represents the correlation between independent variables and the response
can be expressed by the quadratic polynomial Equation (6):

Y = b0 + b1X1 + b2X2 + b3X3 + b11X2
1 + b22X2

2 + b33X2
3 + b12X1X2 + b13X1X3 + b23X2X3 (6)

where Y is the predicted response, b0 the constant, b1, b2, and b3 the linear coefficients, b12, b13, and b23

the cross-product coefficients, and b11, b22, and b33 are the quadratic coefficients.

3.5. Engine Experimental Setup

A small diesel engine, whose specifications are reported in Table 10, was chosen and coupled with
a Borghi and Saveri eddy current brake with rpm/torque controller. An AVL gravimetric fuel balance
was used to online measure fuel consumption. An Environnement SA test bench, equipped with a
Non-Dispersive Infra-Red (NDIR) Sensor, a paramagnetic sensor, a Heated Chemiluminescence Detector
(HCLD), and a Heated Flame Ionization Detector (HFID) was employed to measure, respectively, CO
and CO2, O2, NOx, and THC (Total Hydro-Carbons). The particulate matter was determined using a
dedicated sample line and an AVL smoke meter. An exhaust gas K-type thermocouple was employed
to verify the occurrence of the steady-state conditions, for each different test condition. Once the
engine was stabilized in a particular operating condition, data were collected and analyzed to provide
average values.
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Table 10. Experimental engine characteristics.

Engine Type Lombardini LD 625/2

Number of cylinders 2
Cooling system Forced air

Displacement (cm3) 1248
Bore (mm) 95

Stroke (mm) 88
Compression ratio 17.5:1

Max rotational speed (rpm) 3000
Power @ 3000 rpm (kW) 21

Max Torque @ 2200 rpm (Nm) 29.4
Fuel injection system Direct Mechanic

4. Conclusions

In this work, autohydrolyzed-delignified Eucalyptus nitens wood was employed as cheap
cellulose-rich feedstock for the one-pot alcoholysis to n-butyl levulinate, adopting n-butanol as
green reagent/reaction medium, very dilute sulfuric acid as a homogeneous catalyst, and microwave
as an efficient heating system. The effect of the main reaction parameters to n-butyl levulinate was
investigated firstly by a traditional One-Factor-at-a-Time approach, to verify the feasibility of this
reaction and identify the coarse ranges of the operating variables. Under the best reaction conditions
(microwave heating, 190 ◦C, 15 min, biomass loading 20 wt%, 1.2 wt% H2SO4), the maximum n-butyl
levulinate molar yield of about 30 mol% was achieved, using a very high biomass loading (20 wt%),
an eligible aspect from the perspective of an intensified high gravity approach. However, even higher
molar yields (up to about 40 mol%) were obtained adopting traditional heating (190 ◦C, 120 min,
biomass loading 20 wt%, 1.2 wt% H2SO4), demonstrating the good feasibility of the reaction also with
traditional heating systems, aspect of paramount industrial interest. The possibility of reprocessing the
reaction mixture deriving from the optimized experiment by addition of fresh biomass, was evaluated,
achieving the maximum n-butyl levulinate concentration of about 85 g/L after only one reprocessing
of the mother liquor, and this is the highest n-butyl levulinate concentration hitherto reported in the
literature starting from real biomass.

The butanolysis reaction was further optimized by Response Surface Methodology, utilizing a
Face-Centered Central Composite Design. The chosen design appropriately describes the studied
real system, which requires mild acidity and high temperature, for maximizing n-butyl levulinate
production, while the effect of the reaction time is softened due to the efficient microwave heating.
The significance of the independent variables and their possible interactions was tested using ANOVA
with a 95% confidence level, and the model was experimentally validated at the optimal operating
conditions for n-butyl levulinate production.

Finally, a preliminary study of diesel engine performances and emissions for a model mixture
with a composition analogous to that of the main components of the reaction mixture was performed,
to draw an indication of its potential application as an additive for diesel fuel, without performing the
separation of each component.
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Abstract: Hydrolysis and butanolysis of lignocellulosic biomass are efficient routes to produce two
valuable bio-based platform chemicals, levulinic acid and n-butyl levulinate, which find increasing
applications in the field of biofuels and for the synthesis of intermediates for chemical and pharmaceu-
tical industries, food additives, surfactants, solvents and polymers. In this research, the acid-catalyzed
hydrolysis of the waste residue of Cynara cardunculus L. (cardoon), remaining after seed removal
for oil exploitation, was investigated. The cardoon residue was employed as-received and after a
steam-explosion treatment which causes an enrichment in cellulose. The effects of the main reaction
parameters, such as catalyst type and loading, reaction time, temperature and heating methodology,
on the hydrolysis process were assessed. Levulinic acid molar yields up to about 50 mol% with
levulinic acid concentrations of 62.1 g/L were reached. Moreover, the one-pot butanolysis of the
steam-exploded cardoon with the bio-alcohol n-butanol was investigated, demonstrating the direct
production of n-butyl levulinate with good yield, up to 42.5 mol%. These results demonstrate that
such residual biomass represent a promising feedstock for the sustainable production of levulinic
acid and n-butyl levulinate, opening the way to the complete exploitation of this crop.

Keywords: cardoon; waste biomass; hydrolysis; levulinic acid; alcoholysis; n-butyl levulinate; bio-
fuels; microwaves

1. Introduction

Renewable resources have garnered increasing interest due to the shortage of petroleum,
recurring rise in its price and environmental deterioration associated with its consumption,
including pollutant by-products and greenhouse gases emission. The serious need to ex-
plore alternative resources respect to traditional ones for the production of chemicals and
fuels has encouraged a new, more aware international policy of energy and economy. The
European Union has recently incremented the renewable component of fuels and Italian
legislation requires that 10% of fuels on sale in Italy are made of biofuel by 2020 [1,2]. The
use of the waste biomass for energy purposes, instead of fossil fuels, should reduce the
greenhouse effect, since biomass releases the same amount of carbon dioxide which has
been previously trapped from atmosphere during photosynthesis. Additionally, it is worthy
of notice that methane, a greenhouse gas 25 times more powerful than carbon dioxide, is
emitted during the decomposition of organic material in landfills [3,4]. In this scenario, not
only the simple thermal-valorization but also the chemical conversion of nonedible biomass
to exploitable biomolecules should be developed and implemented, possibly avoiding
any conflict with the food chain. In this regard, the ability to employ residual or waste
biomasses as starting materials using water or a bioalcohol as reactants/reaction media
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represents an added value that fits well with the concept of green chemistry. In this context
a growing interest has recently been directed to third-generation infesting plant species,
such as the Cynara cardunculus (cardoon). It represents a promising resource to produce
biomaterials and biochemicals and is a very common variety in the center of Italy and in
the Mediterranean region [5]. Cynara cardunculus L. offers a wide spectrum of potential
applications, being a rich source of fibers, oils and bioactive compounds [6,7]. Interestingly,
the cultivation of such perennial herbaceous biomass shows significant advantages, such as
good adaptability to climate change and growth on marginal or uncultivated lands with
modest inputs, including little irrigation, care and minimal need of nutrients [8]. The seeds
of the flower are exploited for oil production in food and bio-diesel supply chains. On
the other hand, the nonedible lignocellulosic residues of this crop are reduced to a size of
20–40 mm by chipping and/or can undergo pretreatments that favor further exploitation
of this biomass [9,10]. Steam-explosion is the most common and cost-effective method for
pretreatment of lignocellulosic materials [11,12]. According to this process, chipped biomass
is treated with high-pressure saturated steam for a few minutes at initial temperatures of
160–260 ◦C, corresponding to a pressure of 0.69–4.83 MPa, then the pressure is rapidly
reduced, thus leading to explosive decompression of the biomass and fiber damage. The
process causes hemicellulose degradation and lignin transformation, due to high employed
temperatures, and, in addition, it reduces the cellulose crystallinity, thus increasing the
effectiveness of an eventual subsequent cellulose valorization.

In the present research, two types of cardoon waste residues, remaining after seeds
removal, were studied: the first one is the untreated defatted biomass, whereas the second
one is the waste residue recovered after a steam-explosion pretreatment.

The hydrolysis of the cellulosic fraction of lignocellulosic biomass represents an
efficient way to produce valuable platform chemicals, such as levulinic acid (LA) [13]. This
last has been highlighted by the United States Department of Energy in 2010 as one of the
10 most promising building blocks in chemistry [14]. Due to its carboxyl and carbonyl
functionalities, LA can be converted into various products for large-volume chemical
markets, as biofuels, intermediates for chemical and pharmaceutical industries, food
additives, surfactants, solvents and polymers [15]. In particular, the most promising LA
derivatives for biofuel production are its alkyl esters, i.e., alkyl levulinates, γ-valerolactone,
2-methyltetrahydrofuran [16–19]. The LA yield is strongly affected by the cellulose content
of the adopted feedstock [6,13] which can be changed by applying pretreatments [20].
Taking into consideration that LA is produced via hydrolysis of hexose sugars (glucose,
fructose, mannose and galactose), cellulose-rich biomass proves the most suitable feedstock
for its production [21].

The acid-catalyzed hydrolysis, assisted by microwave (MW) irradiation, was success-
fully performed for the two different samples of residual Cynara cardunculus L. and the
effect of the main reaction parameters was investigated. Taking into account the high
LA concentration reached, the hydrolysis of steam-exploded cardoon was also performed
in a batch autoclave, in the perspective of a larger scaling-up. Moreover, in the same
perspective of industrial applications, H2SO4 and HCl were selected as acid catalysts for
LA synthesis due to their generally recognized advantages. They are characterized by low
cost, abundant availability and high efficiency. Furthermore, they are usually employed in
high TRL chemical processes, especially for the production of levulinic acid, such as the
Biofine process and GF Biochemicals plants [22,23].

In addition, the direct production of n-butyl levulinate (BL) by alcoholysis with n-
butanol of the cellulose-rich steam-exploded biomass was also studied and discussed,
being this strategy more promising than the generally adopted procedure of esterification
of neat levulinic acid [24]. Indeed, the one-pot synthesis does not require intermediate
operations concerning LA concentration and purification and reduces also the waste water
treatment [25–27]. BL finds interesting applications not only as solvent and intermediate,
but also as valuable bioblendstock for diesel fuel, being able to reduce the emissions of
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particulates without increasing NOx emissions or worsening engine performance compared
to neat conventional diesel fuel [27].

In Scheme 1 the two described approaches of valorization of cardoon by hydrolysis
and alcoholysis are shown.

Scheme 1. Different hydrolysis and alcoholysis approaches of valorization of defatted Cynara cardun-
culus L. employed in the present research.

In the perspective of complete exploitation of the starting biomass, the solid residues
recovered at the end of the hydrolysis and alcoholysis reactions were characterized by
FT-IR spectroscopy, thermogravimetric and elemental analysis.

The obtained results of both hydrolysis and butanolysis runs highlight cardoon as a
promising feedstock for multiproduct biorefineries. A notable example of a third-generation
biorefinery fed by cardoon is the industrial site in Porto Torres (Italy). Novamont S.p.A. and
ENI Versalis S.p.A. converted a petrochemical refinery into an integrated green chemicals
plant, which involves local agriculture, including cultivation of cardoon and, currently,
the production site is dedicated to bioplasticizers and biolubricants [28]. However, a new
challenge for this innovative biorefinery is to integrate the manufacturing processes also
with the synthesis of LA and ALs from the residual defatted biomasses, due to the excellent
applicative perspectives of these bioproducts.

2. Results and Discussion

2.1. Compositional Analysis of Crude Cardoon Samples

The chemical compositions of the two investigated biomasses, the un-treated defatted
cardoon residue (C) and the same biomass recovered after a steam-explosion pretreatment
(E), are reported in Figure 1.

Figure 1. Chemical compositions of untreated cardoon residue (a) and the same biomass recovered after a steam-explosion
pretreatment (b), reported as wt%, on dry basis.
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The steam-explosion pretreatment is a high-pressure and high-temperature physical
process that has been widely used for biomasses in the last decades [29], since it allows
increased availability of cellulose of the raw lignocellulosic matrix for further processing.
The possible use of steam-exploded pretreated biomass is on one hand the production of
bioethanol or more in general energy carriers [30] and on the other hand the possibility
to obtain high value biochemical, such as the nanocrystalline cellulose [5] and other
products useful for several chemical or pharmaceutical applications. The input matrices
to the steam-explosion pretreatment section can be lignocellulosic softwoods, hardwoods
and spruces but also residues obtained from agroindustrial activities, such as tomatoes,
vineyard pruning or residues of infesting species, such as the Cynara cardunculus that can be
considered third-generation biomass of growing interest for the production of sustainable
biomaterials [31]. The process “intensity” is generally described by the severity factor (R0)
that considers the process parameters, such as the temperature and the pressure. In the
case of lignocellulosic materials, the process yields can be significantly increased using
a double-step process of both solid and liquid fraction after the pretreatment [30]. The
steam-explosion facility used for this research is available at the University of Perugia
(CRB/CIRIAF) and it is composed of: (i) vapor generator; (ii) charging section for raw
biomass; (iii) expansion valves; (iv) high-pressure reactor; (v) postexplosion tank and
(vi) exploded liquid recovery section [30].

Both C and E samples show very different content of cellulose, about 38 and 65 wt%,
respectively. In fact, after the steam-explosion pretreatment, the hemicellulose amount
decreased from about 17 to 4 wt%, whereas extractives and ash were removed, as expected.
On the other hand, lignin increased from about 17 up to 30 wt%, due to the reduction of
the content of other components. The above-reported composition was determined on
the dry biomasses and the enrichment of cellulose content in the steam-exploded sample
proved very important from an industrial point of view because at equal biomass loading,
it enables the processing of a higher amount of cellulose, which results in marked increases
of target product concentrations in the reaction mixture with subsequent ease for the
successive work-up, separation and purification processes. The available defatted raw
sample C had a humidity amount of 5.9 wt%, while, as expected, the steam-exploded
sample E had a humidity level of 73.6 wt%. Both wet as-received samples and dried ones
were tested in the catalytic runs.

2.2. MW-Assisted Hydrolysis of C and E Cardoon Samples

A preliminary study on the effect of the catalyst types, their amount and humidity on
LA formation was performed. The hydrolysis of dry cardoon, both C and E samples, was
carried out using two acid catalysts, HCl and H2SO4. The amount of these mineral acids
was calculated to have the same concentration of hydronium ions in the starting mixtures.
Table 1 reports the results for the experiments performed employing a biomass loading of
10 wt% (on dry basis), working at 190 ◦C for 20 min in the MW reactor.

Table 1. Hydrolysis experiments of C and E cardoon samples with different type and amount of catalysts and humidity
grade. Experimental conditions: 190 ◦C, 20 min, biomass loading = 10 wt% (on dry basis), MW heating.

Run Catalyst (wt%)
Sub/Cat

(mol/mol) a

Products (g/L) b
LA Ponderal
Yield (wt%)

LA Molar
Yield (mol%)Glu AA FA LA

C1 (dry) c HCl (1.6 wt%) 0.9 0.2 5.6 8.2 15.5 13.3 49.3
C2 (dry) c H2SO4 (2.1 wt%) 1.8 0.1 6.0 7.1 13.0 11.2 41.5
E1 (dry) c HCl (1.6 wt%) 0.9 0.1 7.9 26.9 23.0 48.4
E2 (dry) c H2SO4 (2.1 wt%) 1.8 0.5 7.1 22.5 19.3 40.7
C3 (wet) d HCl (1.6 wt%) 0.9 0.2 5.6 8.5 15.9 13.6 50.7
E3 (wet) d HCl (1.6 wt%) 0.9 0.1 9.4 25.5 23.6 49.7

a Substrate to catalyst molar ratio: mol of anhydrous glucose unit in the starting biomass/mol of catalyst; b Glu = glucose; AA = acetic acid;
FA = formic acid; LA = levulinic acid; c the sample was used after drying step; d the sample was employed as received.
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In the presence of HCl, both dry samples (runs C1 and E1, Table 1) achieve com-
parable LA yields, 49.3 and 48.4 mol% respectively. Adopting the same dry samples,
when H2SO4 was used (runs C2 and E2), lower LA molar yields were obtained, 41.5 and
40.7 mol% for C and E cardoon samples, respectively. As reported in previous studies,
HCl enhances LA hydrolysis via a one-pot mechanism, since Cl− ions catalyze the inter-
mediate 5-hydroxymethyl-2-furaldehyde (HMF) rehydration reaction, while SO4

2− ions
are responsible for an inhibitor effect [32]. In all these runs, low amounts of unconverted
glucose were detected, while no intermediates, such as furfural and HMF, were observed.
On the other hand, appreciable amounts of formic acid (FA), which is another commodity
chemical [8], were coformed by the hydrolysis of both C and E cardoon samples. Indeed,
FA is coproduced during biomass hydrolysis [33] and its use in several fields has further
encouraged the interest in LA synthesis. In our experiments, FA formation seems to be
slightly facilitated when HCl is employed (compare runs C1 with C2 and runs E1 with E2)
and for this reason, only HCl was selected for the subsequent investigation regarding the
humidity grade. To investigate this parameter, both the cardoon samples C and E were
adopted as-received with the humidity grade of 5.9 and 73.6 wt% respectively (runs C3
and E3), using the same experimental conditions of runs C1 and E1. As expected, dry and
wet cardoon samples show similar LA molar yields, which are 49.3 and 50.7 mol% for dry
and wet C (runs C1 and C3), respectively, and 48.4 and 49.7 mol% for dry and wet E (runs
E1 and E3), respectively. Based on these results, since wet biomass can be directly used,
only as-received wet cardoon samples were employed for a more detailed investigation. In
the perspective of industrial application, the adoption of a high biomass loading is to be
preferred, thus applying the high-gravity approach to achieve the highest products concen-
tration. In other words, this is the same concept already applied regarding the cellulose
content (on dry biomass) with the steam-explosion pretreatment. The high-gravity method
presents several advantages for an industrial perspective: it increases the concentration of
crude products, reduces the costs for their purification and waste-water treatment. On the
other hand, in an over-loaded reactor, a more difficult physical agitation of the reaction
slurry could lead to a significant decrease in the reaction rate. Table 2 reports the results
of hydrolysis experiments carried out by increasing the biomass loading from 10 up to
20 wt% on dry basis, keeping constant the other reaction parameters (190 ◦C, 20 min, HCl
as catalyst). In the same Table 2, the effect of the substrate to catalyst ratio was investigated
at 20 wt% of biomass loading, for both wet C and E cardoon samples.

Table 2. Hydrolysis experiments on wet C and E cardoon samples with different biomass loadings and substrate/catalyst
molar ratios. Experimental conditions: 190 ◦C, 20 min, HCl as catalyst, MW heating.

Run
Biomass Loading

(wt%) a
Sub/Cat (mol/mol)

b (HCl wt%)

Products (g/L)c
LA Ponderal
Yield (wt%)

LA Molar
Yield (mol%)Glu AA FA LA

C3 10 0.9 (1.6 wt%) 0.2 5.6 8.5 15.9 13.6 50.7
C4 15 0.9 (2.4 wt%) 0.5 8.6 12.7 23.9 13.0 48.1
C5 20 0.9 (3.2 wt%) 9.3 12.7 34.6 13.0 48.5
C6 20 1.5 (1.9 wt%) 9.7 13.4 27.8 10.7 39.8
C7 20 2.0 (1.4 wt%) 7.5 12.7 34.3 13.3 49.6
E3 10 0.9 (1.6 wt%) 0.1 9.4 25.5 23.6 49.7
E4 15 0.9 (2.4 wt%) 11.7 47.0 24.6 51.8
E5 20 0.9 (3.2 wt%) 12.5 58.9 21.1 44.5
E6 20 1.5 (1.9 wt%) 15.9 55.4 20.7 43.6
E7 20 2.0 (1.4 wt%) 20.4 59.0 22.4 47.3

a determined on dry basis; b substrate to catalyst molar ratio: mol of anhydrous glucose unit in the starting biomass/mol of catalyst; c Glu
= glucose; AA = acetic acid; FA = formic acid; LA = levulinic acid.

For both C and E samples, no significant decrease of the yields was observed increasing
the biomass loading. On the other hand, higher LA concentrations, from 15.9 up to 34.6 g/L
for C samples, and from 25.5 to 58.9 g/L for E ones, were reached. Considering that lower
concentrations of HCl allow minimizing environmental impact and process costs, Table 2
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reports the results of experiments performed with lower HCl amounts, increasing the
substrate/catalyst ratios from 0.9 up to 2.0 mol/mol, run C5, C6, C7 and runs E5, E6 and
E7, for C and E samples respectively. These runs evidenced that LA molar yield is not
affected by the reduction of the catalyst content, at least in the range of the investigated
substrate to catalyst ratios. For both C and E samples, promising values of LA molar yields
were obtained, as well as no significant formation of side-products. In the case of E biomass
hydrolysis, even acetic acid was not observed, due to the low content of acetyl groups in
this feedstock. As expected, higher LA concentrations were achieved from the cellulose-rich
steam-exploded cardoon (E sample) rather than from that untreated (C sample), justifying
the adopted pretreatment in the industrial perspective: the maximum reached value was
59.0 g/L for E and 34.6 g/L for C. On the other hand, it is interesting that the reactivity
of the cellulosic fraction of the exploded biomass E is very similar to that of the untreated
sample C, thus suggesting that pretreatment does not significantly modify the accessibility
of the cellulose fibers. Regarding FA, its formation is almost equimolar with respect to LA
for runs C3–E3 of Table 2, as expected from the overall hydrolysis reaction mechanism,
whilst this correspondence does not fully fit for the remaining runs E4–E7 of Table 2 (lower
FA molar concentration than the theoretical one), probably due to a combined effect of
the type of feedstock, which has been previously steam-exploded (resulting more reactive
than the crude sample to the hydrolysis), and of the high loading used for these runs, both
leading to its more appreciable thermal degradation to CO2 and H2 in the liquid phase.

At the end of every run, a solid residue was recovered, accounting for about 30 wt%
respect to the starting dry biomass. Due to the ponderal relevance of these residues, their
characterization and applicative perspectives will be discussed later.

Regarding the presence of by-products, the reaction mixture certainly includes also
low amounts of soluble impurities, which have not been considered up to now and which
should be otherwise better characterized, to get information about the proper work-up pro-
cedures, although the concentration of any single by-product in the hydrolyzates is under
the limit of detection of the HPLC analysis by routine refractive index detector (0.1 g/L)
and, for this reason, not inserted in Tables 1 and 2. To detect trace amounts of impurities,
higher sensitivity mass and/or UV detectors should be used. For this purpose, first of
all, the crude hydrolysate obtained from run E7 of Table 2 was extracted by diethyl ether
and the recovered extract was analyzed by the GC-MS technique. The analysis revealed
the presence of oxygenated C5 compounds and of aromatics of lignin sources, such as
guaiacol (2-methoxy phenol) and syringol (2,6-dimethoxy phenol) (see Figure S1, Supple-
mentary Section,). The dehydration of C5 and C6 carbohydrates causes the formation of
furanic monomers and soluble precursors of solid humins [34]. On the other hand, the
above phenolic derivatives show characteristic absorptions in the ultraviolet region, in
particular at 284 nm, due to carbonyl n π* transitions [35], while stronger carbonyl π π*
transitions occur at a lower wavelength, at about 205 nm. Based on these statements, the
HPLC-UV analysis of the crude hydrolysate was carried out at 284 and 205 nm, thus better
differentiating furanic impurities from other carbonyl species, such as aliphatic carboxylic
acids. Regarding the UV-HPLC chromatogram at 284 nm (Figure S2, Supplementary Sec-
tion), it shows the presence of many furanic/aromatic species, which elute after 20 min,
whereas at 205 nm aliphatic carbonyl species prevail (Figure S3, Supplementary Section).
To obtain more in-depth information, the crude liquor was analyzed by HPLC-MS and
total ion current (TIC) chromatogram related to all ions of all detected masses and UV
chromatograms at 280, 250 nm and 205 nm are reported in the Supplementary Section,
together with the chromatographic data of the main detected compounds including, where
possible, the best matched chemical formula (Figure S4 and Table S1, respectively). At this
level of investigation, given the high sensibility of this technique, the TIC signal due to the
crude hydrolysate is very complex, including many impurities, besides LA (compound
n◦ 17 of Table S1, Supplementary Section), which by far represents the main product of
interest, as previously stated,. The cross-comparison with the GC-MS data confirms the
presence of methoxyphenol and 2,6-dimethoxyphenol (compounds n◦ 36 and n◦ 38 of Table
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S1 of Supplementary Section, respectively), as aromatics of lignin source. To obtain further
useful information for the following discussion, some typical compounds deriving from
biomass hydrolysis have been sought [36], paying particular attention to some selected
carboxylic acids of interest [37]. On this basis, after having excluded the contribution of
the LA as the main component, extracted ion chromatogram (XIC) of some typical organic
acids deriving from biomass hydrolysis treatment were acquired (Figure S5/Table S2 and
Figure S6/Table S3 of Supplementary Section), thus ascertaining the presence, in low abun-
dance, of many of these, such as tartaric, malic, succinic, lactic, butyric, itaconic, maleic,
pyruvic, glutaric, adipic, 2-hydroxy-2-methylbutyric, gluconic and citric acid. In addition,
5-HMF is still present, as well as its dimeric/trimeric derivatives, as confirmed by the
corresponding XIC processing (Figure S7, Supplementary Section). Instead, furfural, the fu-
ranic compound deriving from the acid-catalyzed conversion of the hemicellulose fraction,
has not been found, thus indirectly confirming the effectiveness of the steam-explosion
treatment, which has allowed the preliminary removal of this biomass component. Lastly,
glucose has been identified only in traces (Figure S5/Table S2 of Supplementary Section ),
confirming the effectiveness of the acid-catalyzed conversion of the C6 fraction, as highly
desired by our approach. Lastly, in order to demonstrate the cost-effectiveness of the hy-
drolysis process, the purification of the crude hydrolysate deriving from run E7 of Table 2
was carried out on laboratory scale adopting 2-methyltetrahydrofuran as extraction solvent,
followed by subsequent fractional distillation of the corresponding extract, according to
the experimental procedure reported in the Materials and Methods section. By this way,
the final isolated LA yield of 20.3 wt% was ascertained, similar to that obtained from the
HPLC analysis of the corresponding crude hydrolysate (run E7 of Table 2). The ascertained
LA purity grade was 93%, estimated by both the GC and HPLC techniques, including FA,
AA and angelica lactone as residual impurities. The latter compound originates from the
acid-catalyzed LA dehydration, followed by ring closure, which typically occurs upon LA
heating, during the purification procedure.

Steam-exploded cardoon E was selected for further studies regarding the effect of
temperature on the hydrolysis reaction and Table 3 reports the results achieved at the lower
temperature of 180 ◦C and the upper one of 200 ◦C, in comparison with the run at the
temperature of 190 ◦C previously used. The obtained results confirm that 190 ◦C is the best
temperature for the production of LA, as highlighted in the literature for the hydrothermal
treatment of many lignocellulosic biomasses [13].

Table 3. Hydrolysis experiments on wet E cardoon sample, with different temperatures. Experimental conditions: reaction
time = 20 min, sub/cat = 2.0 mol/mol, biomass loading = 20 wt% (on dry basis), HCl as catalyst (1.4 wt%), MW heating.

Run Temperature (◦C)
Products (g/L) a

LA Ponderal
Yield (wt%)

LA Molar
Yield (mol%)Glu AA FA LA

E8 180 19.4 46.4 18.6 39.8
E7 190 20.4 59.0 22.4 47.3
E9 200 13.8 48.0 19.2 41.2

a Glu = glucose; AA = acetic acid; FA = formic acid; LA = levulinic acid.

Finally, the effect of the reaction time on LA formation was investigated (runs E7, E10
and E11, Figure 2). As reported in Figure 2, experiments were carried out on E sample at
20, 40 and 60 min of MW irradiation, under the same reaction conditions of temperature
(190 ◦C), catalyst (HCl, 1.4 wt%), substrate-to-catalyst molar ratio (2.0 mol/mol) and
biomass loading (20 wt%).
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Figure 2. Hydrolysis experiments on wet E cardoon sample at different reaction times. Experimental
conditions: 190 ◦C, HCl as catalyst (1.4 wt%), sub/cat = 2.0 mol/mol, biomass loading = 20 wt% on
dry basis, MW heating.

Only a weak time effect on the hydrolysis efficiency was observed, achieving the
best LA yield of 49.9 mol% with the highest LA concentration of 62.1 g/L after 40 min of
heating, adopting HCl in a low amount, 1.4 wt%.

2.3. Hydrolysis of E Cardoon under Conventional Heating

Based on the results discussed in the previous section, cellulose-rich steam-exploded
cardoon (E sample) proved to be a particularly promising residual biomass for LA synthesis.
Therefore, this hydrolysis reaction was also studied in a batch autoclave with conventional
heating to verify the possible process intensification on an industrial scale. Taking into
account that the heat transfer process in the autoclave is slower than the heating mech-
anism in the MW reactor, a longer reaction time (120 min) was applied in the autoclave,
adopting two different biomass loadings, 10 and 15 wt% on dry basis. For comparison, MW
hydrolysis reactions had been carried out for 20 and 40 min, adopting the same biomass
loadings. The results and the compositions of the main reaction products are reported in
Table 4 and Figure 3, respectively.

Table 4. Hydrolysis experiments on wet E cardoon sample adopting different heating systems, biomass loadings and
substrate to catalyst molar ratios. Experimental conditions: 190 ◦C, HCl as catalyst.

Run
Biomass

Loading (wt%) a

Sub/Cat
(mol/mol) b

(HCl wt%)

Heating
System

Time (min)
LA Ponderal
Yield (wt%)

LA Molar
Yield (mol%)

E3 10 0.9 (1.6 wt%) MW 20 23.6 49.7
E12 10 0.9 (1.6 wt%) autoclave 120 25.2 53.1
E13 15 1.5 (1.4 wt%) MW 40 24.6 51.8
E14 15 1.5 (1.4 wt%) autoclave 120 22.3 47.1
a Determined on dry basis; b substrate to catalyst molar ratio: mol of anhydrous glucose unit in the starting biomass/mol of catalyst.

In the case of biomass loading of 10 wt%, similar LA molar yields were reached with
the two heating systems, 49.7 and 53.1 mol% in MW and autoclave, respectively, while
in the case of 15 wt% of biomass loading, heating in autoclave resulted in slightly lower
yield, 47.1 mol%, compared to 51.8 mol% in MW, probably due to mass and heat transfer
limitations. However, the comparable high LA concentrations reached both in the autoclave
and in MW, 41.4 and 45.5 g/L respectively, demonstrate that both heating methodologies
can be successfully applied for performing this process.
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Figure 3. Compositions of the main reaction products of runs E3, E12, E13 and E14 reported in
Table 3.

2.4. MW-Assisted Alcoholysis of E Cardoon Sample

In the second part of our investigation, the one-pot alcoholysis reaction of wet E
cardoon in n-butanol to BL was studied in the MW reactor and the results are reported in
Table 5. The presence of a significant amount of introduced water, due to the high humidity
of the sample, is an unprecedented approach respect to the up to now reported alcoholysis
studies, performed in the presence of alcohol alone as reactant/reaction medium. This
procedure allowed us to convert efficiently the starting biomass, without the initial drying
step, thus at the same time-saving time and significant resources.

Table 5. Butanolysis experiments on wet E cardoon sample, adopting different biomass loadings and catalyst amounts.
Experimental conditions: 190 ◦C, H2SO4 as catalyst, MW heating.

Run
Biomass

Loading (wt%) a

Sub/Cat
(mol/mol) b

(H2SO4 wt%)
Time (min) BL (g/L)

BL Ponderal
Yield (wt%)

BL Molar Yield
(mol%)

AE1 8 2.4 (1.3 wt%) 15 27.5 26.4 42.5
AE2 15 2.4 (2.4 wt%) 15 44.2 15.3 22.1
AE3 15 4.7 (1.3 wt%) 15 37.9 12.8 19.8
AE4 8 2.4 (1.3 wt%) 30 22.0 25.3 36.6
AE5 8 2.4 (1.3 wt%) 45 20.9 24.2 35.1
a Determined on dry basis; b substrate to catalyst molar ratio: mol of anhydrous glucose unit in the starting biomass/mol of catalyst.

In the presence of low contents of the acid catalyst H2SO4 (1.3 and 2.4 wt%) with the
same substrate to catalyst molar ratio, and applying only 15 min of heating, the butanolysis
led to BL molar yields of 42.5 and 22.1 mol%, using respectively the biomass loading of 8
and 15 wt% on dry basis, runs AE1 and AE2 (Table 5). When the lower catalyst loading of
1.3 wt% was maintained with the biomass loading of 15 wt%, a significant decrease of BL
yield (19.8 mol%) was ascertained, essentially due to the above-mentioned mass transfer
issues. Taking into account that the best BL yield, as well as a good BL concentration
(27.5 g/L), were obtained in the run AE1, the effect of duration was studied adopting the
same conditions but prolonging the reaction time to 30 and 45 min (runs AE4 and AE5,
respectively). The achieved results show that the prolonging of the reaction time does
not improve the BL production, whereas slightly lower BL yields and BL concentrations
were obtained, demonstrating the efficacy of MW irradiation within a short reaction time.
Finally, to better evaluate the impact of introduced water on the ascertained performances,
an explorative run adopting the dry cardoon E sample was performed employing the same
reaction conditions of run AE1: in this case, the BL concentration of 17.9 g/L was achieved
with BL ponderal and molar yields of 26.4 wt% and 38.3 mol% respectively, proving similar
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to that ascertained on wet cardoon. In all the above runs only traces of levulinic acid were
detected, thus confirming that under an excess of bioalcohol the hydrolysis reaction is
irrelevant and also when a certain humidity is introduced with the wet biomass.

At the end of the reaction for every run, a significant amount of solid residue was also
ascertained, whose characterization and potential valorization will be discussed below.

The results of this preliminary study demonstrate that direct BL production can be per-
formed not only from conventional starting materials (LA, disaccharides, polysaccharides
and furfuryl alcohol [24]) but also directly, using raw steam-exploded defatted cardoon as
the starting feedstock, opening the way to the direct conversion of the cellulosic fraction of
this cheap, residual biomass in a valuable intermediate/bio-fuel.

2.5. Characterization of Postreaction Solid Residues

The solid residues recovered from the best MW-assisted hydrolysis and alcoholysis
reactions to LA and BL, runs E7 and C7 for hydrolysis and run AE1 for alcoholysis,
amounted respectively 30.6, 31.4 and 27.4 wt% of the starting biomass, calculated on a
dry basis. All these samples were analyzed by elemental analysis and Table 6 reports the
obtained results, compared with the C and E dry cardoon samples starting feedstocks.

Table 6. Results of the elemental analysis for the starting C and E dry cardoon samples, for the solid residues at the end of
runs C7 and E7 (hydrolysis reactions) and for the solid residue at the end of run AE1 (alcoholysis reaction).

Sample C (%) H (%) N (%) S (%) O (%) a Ash
(%)

H/C O/C
HHV

(MJ/kg)

Cardoon C—starting feedstock 43.5 6.4 0.2 0.3 49.6 7.2 1.8 0.9 17.47
Cardoon E—starting feedstock 47.8 6.4 0.2 0.2 45.4 0.0 1.6 0.7 19.57

Solid residue, run C7 66.9 5.1 0.1 0.1 27.8 0.2 0.9 0.3 26.49
Solid residue, run E7 66.4 5.2 0.1 0.1 28.2 0.3 0.9 0.3 26.39

Solid residue, run AE1 65.3 5.2 0.2 0.1 29.2 0.3 0.9 0.3 25.90
a Oxygen content was calculated by difference: O (%) = 100 (%)–C (%)–H (%)–N(%)–S(%).

The above data related to the starting feedstocks C and E confirm only a limited
beginning of carbonization for the latter sample, as shown by the slight increase in its
carbon content, occurred as a consequence of the mild steam-explosion treatment, aimed
at the breakdown of the biomass matrix (cross-linking lignin), the bulk solubilization of
the hemicellulose fraction and the removal of smaller hydrocarbon molecules (volatiles
and gases) [38]. Instead, more advanced carbonization has occurred as a consequence
of the acid-catalyzed hydrothermal treatment. H/C and O/C molar ratios of both solid
residues at the end of runs C7 and E7 fall within the range reported in the literature for
the hydrochars (H/C: ~0.8–1.4 and O/C: ~0.3–0.5) [39] and also in agreement with our
previous work [40]. Therefore, the differences in the carbon content of the two different
starting feedstocks (cardoon C and E, both as starting feedstocks in Table 6) have been
attenuated by the acid-catalyzed hydrothermal treatment (solid residue of run C7 and
E7, respectively, in Table 6), demonstrating the progressed carbonization occurred with
this technology. Lastly, the postalcoholysis residue (solid residue of run AE1 in Table 6)
does not show significant compositional differences respect to the posthydrolysis ones
(solid residues of run C7 and E7 in Table 6), thus highlighting the similarity between the
performed hydrolysis/alcoholysis treatments. These conclusions are also evident from the
Van Krevelen diagram shown in Figure 4 which plots the molar ratios of the H/C and O/C
for both the starting biomasses, cardoon samples C and E, and for the solid residues at the
end of runs C7 and E7 for hydrolysis and run AE1 for butanolysis.
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Figure 4. Van Krevelen diagram of starting biomasses, cardoon sample C7 and E7, and solid residues
at the end of runs C7 and E7 for alcoholysis and run AE1 for butanolysis.

The positions of the starting feedstocks and the corresponding chars in the Van
Krevelen diagram confirm that, in all cases, dehydration is the main allowed path, leading
to the formation of carbonaceous material and the H/C and O/C ratios of all the obtained
residues fall within the range reported in the literature for this kind of biomaterial (H/C:
~0.8–1.4 and O/C: ~0.3–0.5) [40,41]. In addition, the higher heating value (HHV) was
calculated from elemental analysis (Table 6): the ascertained values significantly increase
going from the starting feedstock to the corresponding chars, thus resulting comparable
with that of the traditional lignite coal, in agreement with the conclusions gathered from
the Van Krevelen plot [41].

Furthermore, FT-IR characterization of the postreaction solid residues was performed
and Figure 5 shows the FT-IR spectra registered in ATR mode both for the starting crude
cardoon, both C and E samples, and for the solid residues recovered after hydrolysis
reactions, runs E7 and C7.

Figure 5. FT-IR spectra registered in ATR mode for the starting crude cardoon, both C and E samples, and for the solid
residues recovered after hydrolysis reactions, runs E7 and C7.
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The spectrum of crude sample C shown in Figure 5a shows characteristic signals of the
three biopolymers, cellulose, hemicellulose and lignin: a broad band at about 3330 cm−1

assigned to vibration mode of O–H bonds and a band at 2910 cm−1 assigned to C–H
stretching of methyl and methylene groups. The peak at 1734 cm−1 is due to C=O stretching
in the acetyl group and carboxylic acid of hemicellulose, while the signals at 1600 and
1510 cm−1 are attributed to aromatic C=O stretching and C=C vibration of lignin [41,42].
Weak peaks are observed at 1422, 1375 and 1318 cm−1 that can be assigned to the C–H
asymmetric mode of CH2 in cellulose, aromatic C–H and C–O in lignin, respectively [43,44].
The band at 1239 cm−1 is due to the C–O stretching of alcoholic, phenolic and ether
groups [44]. The peak at 1155 cm−1 is assigned to C–O–C asymmetric stretching in cellulose
and hemicellulose, the intense peak at 1030 cm−1 to C–O–H stretching and the one at
900 cm−1 to anomeric vibration at the β-glycosidic linkage, while the band at 590 cm−1

can be due to aromatic C–H bonds [40,45]. As expected, the peaks at 1734 and 1600 cm−1

are not noticeable in the spectrum of crude sample E showed in Figure 5b, since the
steam-explosion pretreatment degrades hemicellulose and lignin. The FT-IR spectroscopy
in ATR mode allows the characterization of functional groups on the material surface
and the analysis is in agreement with the bulk composition determined by the NREL
procedure for the samples of raw cardoon. In the case of the solid residues recovered
after the posthydrolysis reactions 7E and 7C, reported again in Figure 5a,b respectively,
peaks characteristic of cellulose, such as the intense peak at about 1030 cm−1 and the peak
at about 900 cm−1, are strongly decreased in accordance with the fact that cellulose was
efficiently converted to LA. However, signals that may be assigned to byproducts such as
humins appear: a peak at about 1700 cm−1 due to the C=O stretching, another one at about
1600 cm−1 due to stretching vibration of C=C bonds of furanic rings and the last one at
about 795 cm−1 due to aromatic bending off the plane of the C–H bond [38,44] are evident
in the spectrum of both post-hydrolysis residues. Broad absorbance in the 1300–1100 cm−1

region could be ascribed to multiple C–OH stretching bonds. However, the intense signal
at 1208 cm−1 evident in the posthydrolysis residues 7C and 7E could arise also from the
presence of ether bonds [46]. Humins can result from condensation reactions between
sugars, HMF and intermediates during the dehydration of carbohydrates [47–50] and
their formation can be competitive with the rehydration of HMF to LA. Moreover, humins
are complex and recalcitrant carbonaceous materials that can cover the substrate surface,
making it less accessible to acid attack.

Figure 6 reports the FT-IR spectra of the solid residue recovered after the butanolysis
reaction AE1 together with the starting crude E sample.

Figure 6. FT-IR spectra registered in ATR mode for the starting cardoon E sample and that of the
solid residue recovered after alcoholysis reaction AE1.
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In Figure 6, the FT-IR spectrum of the postalcoholysis char is shown, resulting very
similar to that obtained after hydrothermal processing (Figure 5). In particular, the absorp-
tion bands at 1700 and 1600 cm−1 (C=O and C=C stretching vibrations, respectively) are
visible also in the postalcoholysis char, as well as that at 1030 cm−1 (C–O–H stretching
in cellulose), even if in this case of lower intensity respect to the crude E feedstock, thus
confirming the occurred cellulose decomposition, as previously stated. In addition, the
absorption bands at 1208 cm−1 (C–O stretching), and 795 cm−1 (C–H bending off the plane)
further confirm the similarity between the chars produced by hydrolysis/alcoholysis. At
this stage of the investigation, the severity of the performed treatments dampens any
differences deriving from the use of different reaction solvents, otherwise reported by some
authors very recently [51].

Moreover, the recovered residues and the starting biomasses were also characterized
by thermogravimetric analysis and weight loss and weight loss thermograms are depicted
in the Supplementary Section (Figure S8).

Regarding the devolatilization behavior of the starting feedstocks (Figure S8, thermo-
grams (a) and (b)), the first peak is found below 100 ◦C and is due to the loss of humidity.
The degradation of the cardoon starts at higher temperatures. In particular, a shoulder
is found at about 250 ◦C, present only in the C cardoon starting feedstock, ascribed to
hemicellulose fraction, overlapped with that of cellulose, in the range 300–350 ◦C [52,53].
Lastly, lignin degradation is very slow, occurring for the whole temperature range of
the thermogravimetric analysis [52]. The comparison between the thermograms of the
starting feedstocks, C and E cardoon samples ((a) and (b)), confirms the effectiveness of the
steam-explosion treatment, which has allowed the selective removal of the hemicellulose
fraction. Moreover, the E cardoon starting feedstock shows a very weak shoulder at about
400 ◦C, which is due to the lignin component [52], which proved more accessible and
reactive as a consequence of the occurred steam-explosion pretreatment. On the other
hand, the three residues deriving from hydrolysis/alcoholysis treatments ((c), (d), (e)) show
analogous thermal profiles, thus confirming their chemical similarity, also in agreement
with the previous characterization data. Again, the humidity loss of these samples occurs
below 100 ◦C, then a degradation step was found at about 200 ◦C, due to the release of
some organic compounds (such as LA and FA), trapped into this porous bio-material [54].
The absence of the degradation steps of hemicellulose and cellulose fractions confirms the
effectiveness of the performed hydrolysis/alcoholysis treatments, whereas the main peak at
about 400 ◦C is attributed to the decomposition of volatile lignin/furanic structures [54,55].
In all cases of the synthesized residues, a final weight loss of ~50 wt% was ascertained, thus
revealing increased thermal stability above the starting biomass and demonstrating similar
carbonization occurred [40], also in agreement with the previous characterization data.

The characterization of the obtained solid residues opens the way to their uses. Regard-
ing this aspect, certainly the most immediate use is the combustion for the energy recovery,
but this choice is currently considered as the last option, preferring, when possible, its
reuse within the scopes of the circular economy [56]. For agricultural uses, the application
of biochar to the soil can mitigate climate change by promoting carbon sequestration and
decrease greenhouse gas emissions [57]. Moreover, char has been advantageously proposed
as a growing medium, to be used in combination with other components (vermicultite,
clays, etc.) to improve physicochemical soil properties, such as increase in cation exchange
capacity, water holding capacity, available water, improvement of soil structure, reduction
in soil acidity, microbiological activity, quality, and yield of the crops [57]. Use of the char
as a soil amendment for the recovery of contaminated soils, including stabilization of
organic and inorganic contaminants, has been proposed and seems attractive [57]. Lately,
more added-value char-based products are under development in many research fields,
such as adsorption, catalysis and electrochemical energy storage (lithium-ion batteries,
lithium-sulfur batteries, sodium-ion batteries and supercapacitors), after having properly
tuned its porosity and functional groups, by choosing the appropriate starting feedstocks
and optimizing the reaction conditions [58].

83



Catalysts 2021, 11, 1082

3. Materials and Methods

3.1. Materials

Two types of cardoon waste residues after seeds removal were investigated: non-
pretreated cardoon (C) and steam-explosion pretreated cardoon (E). Catalysts and chemicals
were purchased from Sigma-Aldrich and employed as received: hydrochloric acid (HCl,
37 wt%), sulfuric acid (H2SO4, 95 wt%), 5-hydroxymethyl-2-furaldehyde (HMF, 98%),
levulinic acid (LA, 98%), formic acid (FA, 98%), glucose (Glu, 99.5%), acetic acid (AA., 99%),
furfural (99%), diethyl ether (98%), water for HPLC; n-butanol (94,5%), n-dodecane (99%),
n-butyl levulinate (BL, 98%). Both C and E cardoon samples were used as received and/or
after a drying step carried out at 105 ◦C in an oven until a constant weight was reached.

The biomass loading and the catalyst amount were calculated according to the follow-
ing equations, respectively:

Biomass loading (wt%) = employed dry biomass (g)/[employed biomass (for dry or wet samples) (g) + solvent (g)] × 100;

Catalyst (wt%) = catalyst (g)/[catalyst (g) + employed biomass (for dry or wet samples) (g) + solvent (g)] × 100.

3.2. Steam-Explosion Process Conditions

The steam-explosion pretreatment was carried out on the untreated Cynara cardun-
culus L. sample C using the CRB/CIRIAF equipment [30]. In particular, 447.50 g of dry
cardoon sample was treated at 165 ◦C and 200 bar for 10 min, employing the severity factor
Log R0 equal to 2.91.

3.3. Compositional Analysis of Raw Biomass

For both C and E cardoon residues, the contents of cellulose, hemicellulose and lignin
were determined according to the NREL protocol, as well as extractives and ash [59–61].
The content of humidity was estimated according to the NREL procedure [62].

3.4. Acid-Catalyzed Hydrolysis of Cardoon

Hydrolysis reactions were carried out in deionized water, using HCl or H2SO4 as
catalyst, in the single-mode MW reactor CEM Discover S-class System (maximum pulsed-
power 300 W, 35 mL pyrex vial). The reaction slurries were mixed with a magnetic stirrer
and irradiated up to the set-point temperature for the selected rection time. During the
reaction, pressure and temperature values were continuously acquired with the software
and controlled with a feedback algorithm to maintain the constant temperature. Batch
experiments were carried out also in an electrically heated 600 mL Parr zirconium made-
fixed head autoclave equipped with a P.I.D. controller (4848). The reactor was pressurized
with nitrogen up to 30 bar and the reaction mixtures were stirred using a mechanical
overhead stirrer. The reactions were carried out at the selected temperature for the chosen
time. At the end of each reaction, the reactors were rapidly cooled at room temperature by
blown air, the hydrolyze was separated from solid residuals by vacuum filtration, filtered
with a PTFE filter (0.2 μm) and analyzed through high-pressure liquid chromatography
(HPLC) with a refractive index detector.

3.5. Acid-Catalyzed Alcoholysis of Cardoon

Alcoholysis reactions were carried out in n-butanol, using H2SO4 as catalyst, in the
MW reactor CEM Discover S-class System at 190 ◦C for the selected reaction time. At the
end of each reaction, the slurry was filtered under vacuum on a crucible and the liquid
samples were diluted with acetone and analyzed by a gas chromatograph coupled with a
flame ionization detector (GC-FID).

3.6. Analytical Techniques

Liquid samples deriving from hydrolysis were analyzed by an HPLC system (Perkin
Elmer Flexer Isocratic Platform) equipped with a Benson 2000-0 BP-OA column (300 mm
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× 7.8 mm) and coupled with a Waters 2140 refractive index detector. A 0.005 M H2SO4
aqueous solution was adopted as mobile phase, maintaining the column at 60 ◦C with the
flow rate of 0.6 mL/min. The concentrations of hydrolysis products were determined from
calibration curves obtained with external standard solutions. Each analysis was carried out
in duplicate and the reproducibility of this analysis was within 3%.

Liquid samples from alcoholysis were analyzed by a GC-FID instrument (DANI
GC1000 DPC) equipped with a fused silica capillary column–HP-PONA cross-linked
methyl silicone gum (20 m × 0.2 mm × 0.5 μm). The injection and flame ionization detector
ports were set at 250 ◦C. The oven temperature program was set at 90 ◦C for 3 min and
then increased at the rate of 10 ◦C/min till it reached 260 ◦C, where it was maintained for
5 min and up to 280 ◦C with the rate of 10 ◦C/min and maintained for 3 min. Nitrogen
was used as the carrier gas, at the flow rate of 0.2 mL/min. The quantitative analysis of
alcoholysis products was performed by calibration using n-dodecane as internal standard.
Each analysis was carried out in duplicate and the reproducibility of this analysis was
within 5%.

The molar and the ponderal yields of the compounds of interest were calculated
according to the following equations, respectively:

Molar Yield (mol%) = [product (mol)/anhydrous glucose unit in starting biomass (mol)] × 100;

Ponderal Yield (wt%) [product (g)/dry starting biomass (g)] × 100.

Analysis of impurities was performed by GC-MS and HPLC-MS. When GC-MS
analysis was carried out, the starting aqueous hydrolysate was extracted with diethyl ether
and the diluted extract (about 0.1–0.2 μL) was qualitatively analyzed by the instrument
Hewlett-Packard HP 7890 (Palo Alto, CA, USA), equipped with an MSDHP 5977 detector
and with a G.C. column Phenomenex Zebron with a 100% methyl polysiloxane stationary
phase (column length 30 m, inner diameter 0.25 mm and thickness of the stationary phase
0.25 μm), in splitless mode. The transport gas was helium 5.5 and the flow was 1 mL/min.
The temperature of the injection port was set at 250 ◦C, carrier pressure at 100 kPa. The
oven was heated at 50 ◦C for 1 min, then the temperature was raised at 3 ◦C/min up
to 250 ◦C and held for 5 min. When HPLC-MS analysis was carried out, a Sciex X500
qTOF mass spectrometer (Sciex, Darmstadt, Germany) was coupled to an HPLC Agilent
1260 Infinity II (Agilent, Waldbronn, Germany) and operated in ESI negative mode (spray
voltage of −4500 V). HPLC system was equipped with a diode-array detector (DAD),
which operated at 210, 250 and 280 nm. Chromatographic separation was achieved on a
Zorbax SB-C18 column 150 mm × 4.6 mm, particle size 3.5 μm (Agilent, California, United
States) as the stationary phase, using water with 0.1% (v/v) of formic acid (A) and methanol
(B) as the eluents. The mobile phase flow rate was 0.7 mL/min, and the column oven
temperature was set at 25 ◦C. The gradient was programmed as follows: 0–22.0 min at 95%
(A), 22.0–30.0 min at 5% (A), 30.0 min at 95% (A), held for 5 min. The sample was filtered
and 10 μL were injected into the HPLC system, after proper dilution (1:1) and filtration.

Fourier transform infrared (FT-IR) spectra for raw biomasses and solid residues after
reactions were recorded in attenuated total reflection (ATR) mode with a Spectrum-Two
Perkin-Elmer spectrophotometer. The acquisition of each spectrum provided 12 scans, with
a resolution of 8 cm−1, in the wavenumber range between 4000 and 450 cm−1.

Thermogravimetric analysis (TGA) of starting feedstocks and solid residues after
reactions was performed with a Mettler Toledo TGA/SDTA 851 apparatus in high purity
N2. The sample was heated from 30 ◦C up to 900 ◦C, at a rate of 10 ◦C/min, under nitrogen
atmosphere (60 mL/min). Both weight loss and weight loss rate were acquired during
each experiment.

Elemental analysis (C, H, N, S) of starting feedstocks and solid residues after reactions
was performed by a commercially available automatic analyzer Elementar Vario MICRO
Cube (Elementar, Germany). These elements were quantified adopting a thermal conduc-
tivity detector (TCD). Lastly, oxygen content was calculated by difference: O (%) = 100
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(%)–C (%)–H (%)–N (%)–S (%). HHV was calculated according to the following correlation
proposed by Channiwala and Parikh [63]:

HHV (MJ/Kg) = 0.3491 C(%) + 1.1783 H(%) + 0.1005 S(%)−0.1034 O(%)−0.0151N (%)−0.0211 Ash(%).

3.7. Purification of the Crude Mother Liquor

Crude mother liquor was extracted by continuous liquid/liquid extraction of the aque-
ous mixture with 2-methyltetrahydrofuran as the extraction solvent. In a typical procedure,
20 mL of the crude hydrolyzate was treated with 60 mL of 2-methyltetrahydrofuran in a
continuous liquid/liquid extractor apparatus for 4 h and then, once the organic fraction
was separated, the extract was subjected to a fractional distillation, in order to remove the
solvent and recover the LA as pure product, according to the general procedure previously
patented [64]. Briefly, the extract was subjected to a first distillation step, in order to remove
the solvent, working under atmospheric pressure, until the bottom temperature was 100 ◦C.
The bottom product was further distilled, in order to remove any lights, using a 50 cm
Vigreux column, working at 100 mbar, progressively increasing the temperature of the oil
bath from 75 to 130 ◦C (corresponding temperatures of the bottom zone of the distiller in
the range 40–115 ◦C), and the distillation was stopped when no vapors reached the top
of the distillation apparatus. Lastly, the bottom product was further distilled, working at
5 mbar, increasing the oil bath temperature from 185 to 195 ◦C (corresponding temperatures
of the bottom zone of the distiller in the range 135–145 ◦C). The isolated top fraction was
dried by a mechanical pump and the dried fraction was characterized by HPLC and GC
chromatography. The LA purity grade of 93% was ascertained and on the basis of weighted
amount and taking into account the LA purity grade, the isolated yield was determined.

4. Conclusions

In this paper, the acid-catalyzed hydrolysis and alcoholysis of waste cardoon residues
from agroindustry to give strategic platforms LA and BL, respectively, were investigated.
After removal of oil seeds, the cardoon was employed directly and after a steam-explosion
pretreatment, this last affording a cellulose-rich feedstock. This positive effect of the SE
pretreatment can be applied to a larger scale only if its economic sustainability is verified:
in this sense a specific cost-benefit analysis should be developed case by case, considering
that the more expensive subsection of the SE facility is the vapor generator.

MW-assisted hydrolysis reactions on this last biomass led to high values of LA molar
yield and concentration, up to 49.9 mol% and 62.1 g/L, respectively. The hydrolysis was
also performed in a traditional batch autoclave, reaching LA yield and concentration of
47.1 mol% and 41.4 g/L, respectively, demonstrating that such a process can be successfully
intensified, by switching to traditional industrial reactors. The achieved results are really
interesting, highlighting that eco-friendly reaction conditions, such as high biomass to
acid catalyst ratio, water as the reactant/reaction medium and energy-saving heating, can
be adopted for the conversion of low-cost residual cardoon, implying that sustainable
exploitation of such biomass can be developed. Moreover, a preliminary study on the acid-
catalyzed butanolysis of steam-exploded cardoon led to good BL yields, up to 42.5 mol%,
proving that the direct one-pot conversion of the cellulosic fraction of this waste biomass
can supply a wider range of value-added products, including bio-fuels. Moreover, the
characterization of the solid residues recovered from both processes has allowed us to
envisage their possible exploitation, in a perspective of the complete valorization of cardoon
biomass.

The proposed approaches represent alternative solutions to reduce consumption of
fossil resources and carbon dioxide emissions and recycle massive amounts of agricultural
residues, in agreement with the concept of third-generation biorefinery.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11091082/s1, Figure S1: Total ion chromatogram (TIC) of the diethyl ether extract and
corresponding mass spectra of the identified compounds, Figure S2: RI-and UV-HPLC chromatogram
of the crude hydrolysate at 284 nm, Figure S3: UV-HPLC chromatograms of the crude hydrolysate
at 205 and 284 nm, Figure S4: TIC related to all ions of all detected masses and corresponding UV
chromatograms (280, 250 nm, superimposed) and 205 nm, Figure S5: XIC chromatogram obtained
from selected compounds of interest, according to Glińska et al. For numbering and corresponding
assignments, see Table S2, Figure S6: XIC chromatogram obtained from selected compounds of
interest, according to Ibáñez et al. For numbering and corresponding assignments, see Table S3,
Figure S7: Monomeric/oligomeric (as dimeric/trimeric) compounds of 5-HMF and corresponding
XIC chromatogram, Figure S8 and Table S1: Chromatographic data of the main detected compounds
reported in Figure S4, Table S2: Chromatographic data of selected compounds of interest for hy-
drolyzates of biomass source, according to Glińska et al. (see also XIC chromatogram of Figure S5),
Table S3: Chromatographic data of selected compounds of interest for hydrolyzates of biomass source,
according to Ibáñez et al. (see also XIC chromatogram of Figure S6).
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Abstract: A series of Ni-Fe/SBA-15 catalysts was prepared and tested for the catalytic
hydrogenation of levulinic acid to γ-valerolactone, adopting methanol as the only hydrogen donor,
and investigating the synergism between Fe and Ni, both supported on SBA-15, towards this reaction.
The characterization of the synthesized catalysts was carried out by XRD (X-ray powder diffraction),
TEM (transmission electron microscopy), H2-TPD (hydrogen temperature-programmed desorption),
XPS (X-ray photoelectron spectroscopy), and in situ FT-IR (Fourier transform–infrared spectroscopy)
techniques. H2-TPD and XPS results have shown that electron transfer occurs from Fe to Ni, which is
helpful both for the activation of the C=O bond and for the dissociative activation of H2 molecules,
also in agreement with the results of the in situ FT-IR spectroscopy. The effect of temperature and
reaction time on γ-valerolactone production was also investigated, identifying the best reaction
conditions at 200 ◦C and 180 min, allowing for the complete conversion of levulinic acid and the
complete selectivity to γ-valerolactone. Moreover, methanol was identified as an efficient hydrogen
donor, if used in combination with the Ni-Fe/SBA-15 catalyst. The obtained results are promising,
especially if compared with those obtained with the traditional and more expensive molecular
hydrogen and noble-based catalysts.

Keywords: biomass ester derivatives; solvothermal processing; levulinic acid; γ-valerolactone;
Ni-Fe bimetallic catalysts

1. Introduction

The world is highly dependent on the utilization of fossil resources to fulfill energy needs for the
production of heat and power. Nevertheless, the surplus consumption of fossil fuels is escalating the
concentration of atmospheric CO2, which causes serious global warming threats [1,2]. As a solution to
the above primary challenges, considerable attention has been paid to the exploitation of renewable
resources [1]. In this context, the conversion of the cellulose fraction of biomass into value-added
platform chemicals, such as 5-hydroxymethylfurfural (5-HMF) and levulinic acid (LA), has been
thoroughly investigated [2,3]. Moreover, the transformation of LA into more added-value bio-fuels and
bio-chemicals is strategic, thanks to its reactive keto and carboxylic functional groups, which can be
exploited for the synthesis of many valuable bio-chemicals, such as fuel additives, fragrances, solvents,
pharmaceuticals, and plasticizers [4]. Among these high-value chemicals, γ-valerolactone (GVL) is
receiving considerable attention to synthesize added-value bio-chemicals, such as food additives,
solvents, and drug intermediates, as well as new bio-fuels [5,6]. Three pathways have been proposed
for GVL production, as reported in Scheme 1. The first requires the high-temperature LA conversion in
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the gas phase, occurring via its endothermic dehydration to angelicalactone, which is subsequently
hydrogenated to GVL. The second occurs in the liquid phase, at lower temperatures, where the LA
keto group is reduced to 4-hydroxyvaleric acid, which is in turn dehydrated to GVL. Lastly, the third
possibility provides the esterification of LA to the less reactive alkyl levulinate, which undergoes
hydrogenation and dehydration to GVL [6].

Scheme 1. Different pathways for the hydrogenation of levulinic acid (LA) to γ-valerolactone (GVL).

According to the above mechanisms, dehydration is generally favored by the presence of acid
catalysts, whereas the hydrogenation is catalyzed by transition metals. Many homogeneous and
heterogeneous catalysts have been employed for the hydrogenation of LA to GVL in the liquid
phase [7]. However, given the well-known drawbacks of the homogeneous catalysts (the possible
corrosion of the equipment, difficult recycle/reuse, and environmental concerns), heterogeneous ones
have been certainly preferred [8]. Many noble metal catalysts have been tested for this reaction,
in particular, Pt, Au, Pd, Rh, and Ru, in many cases achieving promising catalytic performances with
respect to GVL [9–12]. For example, Son et al. have studied the catalytic performances of Ru/C,
Ru/SBA, Au/ZrC, and Au/ZrO2 catalysts for the LA hydrogenation, highlighting the good catalytic
performances and stability of the Au/ZrO2 catalyst, which can be reused five times, achieving a high
GVL yield (90 mol %) [10]. However, although the noble metal catalysts show excellent performances
for the hydrogenation of such carbonyl compounds, the high costs limit their further application in
the industry. On this basis, non-noble metal catalysts remain the preferred choice for improving the
sustainable catalytic transformation of LA to GVL [13,14]. In particular, Ni-based catalysts (Raney-Ni,
Ni/MoOx/C, Cu/ZrO2, NiCu/Al2O3, and Mo2C) are active in this reaction [13–15]. For example, Mohan
et al. have examined the influence of catalysts with Ni supported on SiO2, Al2O3, ZnO, ZrO2, TiO2,
and MgO, highlighting the excellent catalytic performances of Ni/SiO2 towards the LA hydrogenation
to GVL (0.8506 kg GVL kg catalyst−1 h−1 at 250 ◦C) [15]. The characterization of these catalysts by
FT-IR spectroscopy has indicated that both Lewis and Brönsted acid sites play an important role in
the dehydration of the intermediate 4-hydroxypentanoic acid [16], thus highlighting that the use
of tunable bifunctional catalysts is preferred for improving the catalysis of this reaction. In this
context, the addition of another metal could modify the electronic structure of Ni, decreasing the
interaction between active metal and supports, thus enhancing the reaction activity [17]. For example,
the Cu species had an important effect on the chemical environment of Ni species and acted as
an electronic promoter on Ni surface active sites in Ni-Cu/Al2O3 bimetallic catalysts, achieving the
highest GVL yield of 96 mol % (250 ◦C, 6.5 MPa, and 2 h) [18]. Regarding the possible hydrogen
sources, LA hydrogenation has been carried out mainly with molecular H2 (0.8–6.5 MPa), both in
batch autoclaves and in continuous flow reactors, generally obtaining high yields and selectivities
to GVL [15–17]. However, this reaction requires large quantities of molecular H2, whose production
is still mostly fossil based, which also raises cost and safety issues. In this context, formic acid and
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alcohols have been proposed as alternative hydrogen donors, which should help one to avoid the usage
of external H2 and, subsequently, the requirement for a high-pressure reactor [19]. Regarding formic
acid, H2 is generated through the decarboxylation route (HCOOH→ CO2 +H2), which is generally
slow, unless noble metals, such as Ru, are used as catalysts [19,20]. However, Ruppert et al. have
demonstrated that formic acid can be irreversibly adsorbed on the Ru/C catalyst, hampering the LA
conversion to GVL [21]. Furthermore, agglomeration and metal leaching generally occur, which could
greatly affect catalyst stability, thus significantly hampering its effective use [22]. Alternatively, it is
possible to use alcohol as an H2 source, and perform a hydrogen transfer, which is known as the
Meerwein–Ponndorf–Verley (MPV) reaction, which is catalyzed by Lewis acid sites, such as those
of metal oxides or zeolites [23]. Two mechanisms have been proposed for explaining the hydrogen
transfer in the presence of alcohols, both reported in Scheme 2 [23–25]. In the first one (path A,
Scheme 2), the MPV reaction is catalyzed by the metal catalyst, which receives the hydrogen from the
alcohol donor, through β-hydride elimination, and the activated hydrogen is then transferred from
the metal to the acceptor molecule, in this case LA [24]. The second one involves an intermolecular
hydrogen transfer, which occurs by adsorption of the hydroxyl group of the alcohol and the carbonyl
group of LA (or its ester) on the catalyst surface [25]. This direct reaction is allowed thanks to the
presence of Lewis and Brönsted acids, both leading to the formation of a six-membered ring transition
state. Luo et al. have studied the MPV reaction of methyl levulinate to GVL in the presence of zeolites,
confirming that the main rate-limiting step of this reaction is the hydride shift [25].

Scheme 2. Catalytic transfer hydrogenation mechanisms of LA.

Many kinds of alcohol have been employed for the MPV reaction, highlighting the higher reaction
rates of the secondary alcohols. Chia et al. employed 2-BuOH to study the MPV transfer hydrogenation,
achieving a good GVL yield (84.7 mol %), over the ZrO2 catalyst (150 ◦C, 16 h) [24]. A strong correlation
has been established between the reducing capacity of alcohols and MPV reduction, according to this
order: MeOH < EtOH < 1-BuOH < 2-BuOH = 2-PrOH [26]. However, by using MeOH or EtOH as
hydrogen donors, more efficient and integrated biomass utilization chains could be created, thanks
to the high availability of these alcohols from biomass feedstock. Tang et al. have used EtOH as a
hydrogen donor, achieving the maximum GVL yield of 64 mol % (250 ◦C, 3 h) [26]. Yi et al. have
reported that no hydrogen transfer observed within 48 h in the presence of EtOH, whilst a GVL yield of
38 mol % was achieved with 1 MPa H2, after only 2 h [27]. Despite the achieved progress, it is definitely
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still necessary to develop new, efficient and cheap catalytic systems for the LA hydrogenation to GVL,
by MPV catalytic transfer, in the presence of short-chain primary alcohols.

In this work, new bimetallic Ni-Fe/SBA-15 catalysts have been synthesized and tested for the LA
hydrogenation to GVL by the MPV route, in the presence of MeOH as the only hydrogen donor, and the
oxophilic promotion of Fe was exploited to decrease the reduction temperature of the NiO phase and
improve the reducibility of mixed oxides. Ni, Fe, and bimetallic Ni-Fe catalysts with different Fe/Ni
molar ratios have been prepared by impregnation on the SBA-15 support, which helps the LA conversion
to GVL. Moreover, this support provides high specific surface area (ranging between 690 and 1040 m2/g),
narrow pore size distribution (average pore diameter between 5 and 30 nm), and high thermal stability
(wall thicknesses between 3 and 5 nm) [28,29]. To investigate the relationship between catalyst
structure and activity, characterization of the bimetallic Ni-Fe catalysts was performed by X-ray powder
diffraction (XRD), transmission electron microscopy (TEM), hydrogen temperature-programmed
desorption (H2-TPD), hydrogen temperature-programmed reduction (H2-TPR), X-ray photoelectron
spectroscopy (XPS), and in situ Fourier transform–infrared spectroscopy (FT-IR). Lastly, the effects of
the main reaction parameters on the GVL production have been evaluated and discussed, starting
from the results of preliminary catalytic tests.

2. Results and Discussion

2.1. Characterization of Catalysts

First, the catalysts have been characterized by the XRD technique to investigate the atomic
structure of the particles (Figure 1). The XRD patterns of Ni/SBA-15 catalyst exhibit three diffraction
peaks at 2θ values of 44.2◦, 51.8◦, and 76.3◦, which are assigned to (111), (200), and (220) reflections
of metallic Ni, respectively. Fu et al. reported analogous diffraction peaks for the Ni/Al2O3 catalyst
at 2θ angles of 44.3◦, 51.7◦, and 76.3◦, assigned to metallic Ni [15]. Nevertheless, the absence of the
diffraction peak at 37.3◦, due to the NiO species, confirms the complete reduction of the Ni particles [15].
In the case of the monometallic Fe/SBA-15 catalyst, another diffraction peak was found at about 44.7◦,
which can be assigned to the (111) Fe cubic planes [30]. However, in the case of the Ni-Fe/SBA-15
catalysts, the Fe peak is shifted to lower 2θ, indicating a deep interaction between Ni and Fe particles
to form face-centered cubic structures (fcc) of the Ni-Fe alloy, favored by the larger atomic radius of Fe,
which increases the lattice constants [16].

Figure 1. XRD (X-ray powder diffraction) patterns of the Ni/SBA-15, 5Ni-1Fe/SBA-15, 5Ni-3Fe/SBA-15,
5Ni-5Fe/SBA-15, and Fe/SBA-15 catalysts.

TEM characterization of the synthesized catalysts was carried out to better investigate their
textural properties. As shown in Figure 2, Ni particles (black spots) are quite well dispersed on the
porous SBA-15 support. For Ni/SBA-15, the average Ni particle size is about 20 nm, which is in
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agreement with data in the literature [31]. The addition of Fe decreases the average size of Ni particles,
which are more uniformly distributed, especially in the case of 5Ni-3Fe/SBA-15 (Ni particle size of
about 9 nm), indicating that the Fe doping promotes a more homogeneous Ni dispersion, minimizing
the formation of aggregates. However, when both metals are used in the same amount (5:5), the average
particle size becomes higher (16 nm), highlighting that the Ni:Fe molar ratio should be carefully tuned.
Based on these preliminary characterization data, the optimum achieved Ni:Fe molar ratio is 5:3.

 

Figure 2. TEM (transmission electron microscopy) images of (A) Ni/SBA-15, (B) 5Ni-1Fe/SBA-15,
(C) 5Ni-3Fe/SBA-15, and (D) 5Ni-5Fe/SBA-15 catalysts.

To further investigate the interactions between Ni and Fe within the Ni-Fe/SBA-15 catalyst,
H2-TPR analysis of both monometallic Ni/SBA-15, Fe/SBA-15, and bimetallic Ni-Fe/SBA-15 catalysts,
was carried out (Figure 3). For the Ni/SBA-15 catalyst, only one peak was found at 430 ◦C, due to the
reduction of NiO to metallic Ni. For the monometallic Fe/SBA-15 catalyst, three different reduction
peaks were detected, at 370, 550, and 630 ◦C. In this regard, the reduction of Fe2O3 to α-Fe occurs
by three consecutive steps: Fe2O3-Fe3O4-FeO-Fe [32]. Therefore, the peak at about 370 ◦C is due to
the reduction from Fe2O3 to Fe3O4, whilst that from Fe3O4 to FeO occurs at about 550 ◦C, and that at
630 ◦C corresponds to the reduction from FeO to α-Fe [32]. Regarding the bimetallic Ni-Fe/SBA-15
catalyst, there are two different peaks between 300 and 550 ◦C, whilst no peak was found at 600 ◦C,
thus confirming the absence of unalloyed Fe in the synthesized bimetallic catalyst. For 5Ni-1Fe/SBA-15,
the reduction peak at 320 ◦C is assigned to the reduction of Fe2O3 to Fe3O4, because Fe2O3 is more
easily reducible than NiO [33], whilst that at 440 ◦C is attributed to the reduction of NiO. Compared
with the monometallic Ni/SBA-15 catalyst, the reduction peak of the Ni-Fe/SBA-15 catalysts is shifted
to higher temperatures, corresponding to the increase of the Fe content, and the H2 consumption
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gradually increases. H2 may be more easily dissociated and activated on Ni, and then overflowed to
the adjacent iron oxide to reduce it, thus leading to the formation of the Ni-Fe alloy [34].

Figure 3. H2-TPR (hydrogen temperature-programmed reduction) profiles of Ni/SBA-15,
5Ni-1Fe/SBA-15, 5Ni-3Fe/SBA-15, and 5Ni-5Fe/SBA-15 catalysts.

H2-TPD profiles of the synthesized catalysts are reported in Figure S2. For Ni/SBA-15, a desorption
peak was detected at 100 ◦C, in agreement with the adsorption of hydrogen on the surface of dispersed
metal particles Ni in Figure S2. It is remarkable that the hydrogen desorption peak gradually moves to
a higher temperature with the corresponding increase of Fe content. Moreover, the corresponding
hydrogen desorption peaks for 5Ni-1Fe/SBA-15 and 5Ni-3Fe/SBA-15 are located at 105 and 125 ◦C,
respectively, which is higher than that of Ni/SBA-15. However, 5Ni-5Fe/SBA-15 has two hydrogen
adsorption sites, a low- (150 ◦C) and high-temperature desorption peak (300 ◦C), the latter deriving
from the hydrogen desorption on the surface of Fe or from the poor dispersion of Ni. In addition,
the hydrogen desorption peak from Ni/SBA-15 to 5Ni-5Fe/SBA-15 is shifted to a higher temperature,
indicating that the adsorption of hydrogen on the active metal surface is enhanced. The desorption peak
of Fe/SBA-15 appears at a higher temperature (250 ◦C), which is attributed to the hydrogen desorption
from the Fe surface. The adsorption center corresponds to the desorption peak at low temperature,
and desorption temperature of Fe/SBA-15 is the highest, meaning that the hydrogen desorption from
the Fe species requires more energy than that from the Ni ones. To evaluate the dispersion of the
particles, the amount of the hydrogen desorbed from the catalyst surface was calculated (Table 1),
and it corresponds to the area of the desorption peak reported in Figure S2. The amount of desorbed
hydrogen gradually increases with the area of the desorption peak, indicating the increase of the
number of active hydrogen on the catalyst surface. With the increase in Fe content, that is moving from
5Ni-1Fe/SBA-15 to 5Ni-3Fe/SBA-15, the particle dispersion increases. However, for the 5Ni-5Fe/SBA-15
catalyst, the total amount of desorbed H2 does not significantly increase, at the same time showing a
worsening of the catalyst dispersion. Moreover, the total acidity of catalysts increases with the amount
of Fe. It has been reported that, when Ni is doped with Fe, the unreduced Fe can act as a Lewis acid,
thus increasing the acid content of the catalyst [35].
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Table 1. Chemical properties of the synthesized monometallic Ni/SBA-15, Fe/SBA-15, and bimetallic
Ni-Fe/SBA-15 catalysts.

Catalyst Ni (mmol/g) Fe (mmol/g) H2 (μmol/g) a Particle
Dispersion (%) b

Total Acidity
(μmol/g) c

Ni/SBA-15 0.85 0 6.3 1.45 28.3
5Ni-1Fe/SBA-15 0.85 0.17 17.1 3.34 30.6
5Ni-3Fe/SBA-15 0.85 0.50 23.6 3.49 65.2
5Ni-5Fe/SBA-15 0.85 0.86 23.8 2.76 61.5

Fe/SBA-15 0 0.86 14.8 - 78.6
a: Amount of H2 desorption calculated by TPD (Figure S2). b: H/(Ni + Fe) ratio. c: calculated by NH3-TPD.

XPS analysis was performed to monitor the change of the oxidation state of the bimetallic
catalysts. The XPS patterns of Ni 2p and Fe 2p of 5Ni/SBA-15, 5Ni-1Fe/SBA-15, 5Ni-3Fe/SBA-15,
5Ni-5Fe/SBA-15, and 5Fe/SBA-15 are shown in Figure S1, respectively. For the Ni 2p, Ni 2p 3/2 and
2p1/2 spin orbit doublets were deconvoluted into six peaks within the range 845–885 eV (Figure S1a).
For the 5Ni/SBA-15 catalyst, the peaks at 853.2, 856.7, and 861.7eV are assigned to the characteristic
peaks of Ni0, Ni2+, and satellite peaks of Ni2+ in Ni 2P3/2 orbit, respectively [8]. For 5Ni-1Fe/SBA-15,
5Ni-3Fe/SBA-15, and 5Ni-5Fe/SBA-15 catalysts, the characteristic peaks of Ni0, Ni2+, and satellite peaks
of Ni2+ in Ni2P3/2 orbit are progressively shifted to the higher binding energies, respectively, indicating
a deeper interaction between Ni and Fe. In detail, the electrons are transferred from the oxophilic site
of Fe to Ni, increasing the electron density of the outer layer of Ni, in agreement with the literature [36].
Moreover, the characteristic peaks of 5Ni-3Fe/SBA-15 are shifted greatly (0.6 eV), meaning that the
reduction of 5Ni-3Fe/SBA-15 is certainly favored. For the Fe 2p in Figure S1b, two spin orbits are also
present as Fe 2p3/2 and Fe 2p1/2. For the Fe/SBA-15 catalyst, the peaks at 707.7, 712.2, and 716.4eV are
assigned to Fe0, Fe2+, and Fe3+ on Fe 2p3/2, respectively [37]. For 5Ni-1Fe/SBA-15, 5Ni-3Fe/SBA-15,
and 5Ni-5Fe/SBA-15 catalysts, the characteristic peaks of Fe0 and Fe3+ are shifted towards the low
binding energies, respectively, indicating that the electrons are indeed obtained by Fe, decreasing the
electron density of the outer layer of Fe, and activating the C=O bond. From the XPS results, it can
be concluded that the Lewis acid sites of the catalysts derive from the unsaturated coordination of
Fe2+ and Fe3+ ions. Moreover, the characteristic peak area of Fe0 in bimetallic Ni-Fe catalyst increases,
indicating that the interaction between Ni and Fe promotes the reduction of iron oxide. The above
results confirm that 5Ni-3Fe/SBA-15 is the most promising catalyst to test for the activation of the C=O
bond of LA.

2.2. LA to GVL Catalytic Tests

Preliminary catalytic tests were carried out to test the effectiveness of the synthesized catalysts
towards GVL production. First, GC-MS analysis was carried out to monitor the progress of the
reaction (Figure S4). This analysis confirms that methyl levulinate and GVL represent the main
intermediate and target product, respectively, indicating that LA could be completely hydrogenated to
GVL, by properly tuning the reaction conditions. In this regard, 4-hydroxyvaleric acid, which is the
intermediate of interest for the MPV intermolecular hydrogenation mechanism (path B, Scheme 2),
was not detected in the reaction mixture. In principle, LA is firstly adsorbed on the surface of the
catalyst and subsequently esterified with methanol (MeOH) to methyl levulinate, benefiting from the
Lewis acidity of the catalyst [22]. To investigate the mechanism of LA adsorption on the catalysts,
in situ FT-IR analysis was performed. As shown in Figure 4, the LA absorption band in the range
1750–1765 cm−1 is instead absent in Ni/SBA-15 and Ni-Fe/SBA-15, meaning that the physical adsorption
of LA on these catalysts is weak. Moreover, in the case of the Ni/SBA-15 catalyst, an absorption band
at about 1720 cm−1 was detected, due to the weak chemical adsorption of C=O stretching vibration
of LA, indicating an interaction between the cationic or Lewis acid sites on the surface of Ni/SBA-15
catalyst and the lone pair electron of the carbonyl oxygen of LA [38]. In contrast, no absorption
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band was found at 1720 cm−1 for 5Ni-3Fe/SBA-15, whilst a blue shift occurs in the range 1650–1680
cm−1, which is due to the strong LA chemisorption. The oxophilic promoter of Fe rendered more
Lewis active sites for acid adsorption the C=O bond, in agreement with the results of XPS and
NH3-TPD characterization. Moreover, the composition of the gas phase was investigated to highlight
possible differences between the catalysts towards the potential production of hydrogen (Figure S3).
These analyses confirm that H2 and CO2 are the main reaction products of the gas phase. However,
for the Ni/SBA-15 catalyst, the H2 selectivity is only 40 mol %, whilst, in the case of 5Ni-3Fe/SBA-15,
the addition of Fe significantly improves the H2 selectivity up to 90 mol %. Instead, regarding the
5Ni-5Fe/SBA-15 catalyst, H2 selectivity decreases, probably as a consequence of the larger particle size
of Ni, according to the results of the above-discussed characterization.

Figure 4. In situ FT-IR (Fourier transform–infrared spectroscopy) spectrum of LA and LA absorption
on Ni/SBA-15 and 5Ni-3Fe/SBA-15 (50 mL·min−1 He, at 200 ◦C, 2 h).

The effect of temperature, reaction time, and hydrogen source on the LA hydrogenation to GVL
was investigated. Figure 5a shows that the temperature has an important role on the LA conversion
and GVL selectivity. Going from 50 to 100 ◦C, both LA conversion and GVL selectivity are low,
whilst the catalytic performances significantly improve at 150 ◦C and, even better, at 200 ◦C. LA is not
immediately hydrogenated into the corresponding alcohol, and methyl levulinate is the only detected
intermediate, whilst GVL is subsequently produced by cyclization and dealcoholation mechanisms [39].
The effect of the reaction time was also considered (Figure 5b). The LA conversion is almost complete
after only 30 min, and GVL selectivity rapidly increases from 30 to 120 min, becoming complete
after 180 min. Lastly, the effect of the hydrogen source was preliminarily investigated by comparing
the effect of molecular hydrogen and MeOH for the GVL production, in the absence/presence of the
bimetallic 5Ni-3Fe/SBA-15 catalyst (Figure 5c). The LA conversion in MeOH is slightly higher than
that obtained with molecular hydrogen. Remarkably, the GVL selectivity is significantly higher for the
catalytic tests carried out in the presence of MeOH, thus confirming the positive synergism achieved
thanks to the combined use of the bimetallic Fe-Ni catalyst and MeOH for promoting the selective
hydrogenation of the C=O bond. These preliminary data confirm that the catalytic performances of the
synthesized catalysts are comparable with those of noble metal catalysts, such as ruthenium, which has
been identified as a very efficient catalyst for GVL production. For example, Xiao et al. reported an
almost complete LA conversion (99.7 mol %) and a complete selectivity towards GVL, adopting a batch
reactor, in the presence of Ru/graphene catalyst (40 bar H2, 200 ◦C, 8 h) [40]. Piskun et al. found a
maximum LA conversion of 90 mol %, but a low selectivity (66 mol % of GVL), using Ru/Beta-12.5
(45 Bar H2, 90 ◦C, 2 h) [41]. Luo et al. reported a maximum GVL selectivity of 97.5 mol % at complete
LA conversion, adopting Ru/TiO2 as a catalyst, and dioxane as the reaction medium (4 MPa H2, 200 ◦C,
4 h) [42]. However, in all these mentioned cases, pentanoic acid was identified as a reaction by-product,
this compound deriving from the GVL ring opening, a reaction catalyzed by highly acidic supports [25].
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Instead, in our case, pentanoic acid was not produced, thanks to the milder acidity of the adopted
catalyst, leading to a more selective production of the desired GVL.

 

 
Figure 5. (A) The effect of temperature (reaction conditions: 2 g LA, 15 mL MeOH, 0.5 g 5Ni-3Fe/SBA-15,
180 min), (B) reaction time (reaction conditions: 2 g LA, 15 mL methanol, 0.5 g 5Ni-3Fe/SBA-15, 200 ◦C)
and (C) different hydrogen sources (H2 and MeOH) (reaction conditions: 2 g LA, 1 MPa H2 or 15 mL
MeOH, 0.5 g 5Ni-3Fe/SBA-15, 200 ◦C, 180 min) on LA conversion and GVL selectivity.

Preliminary recycling tests of the most promising bimetallic catalyst (5Ni-3Fe/SBA-15) were carried
out to demonstrate its stability (Figure 6). The 5Ni-3Fe/SBA-15 catalyst was re-used consecutively five
times under the best-identified reaction conditions. Before each cycle run, the spent catalyst was simply
washed with ethanol in an ultrasonic cleaner and dried in a vacuum oven at 60 ◦C, thus avoiding
tedious reactivation procedures. If compared with the performances of the fresh catalyst, those of the
spent 5Ni-3Fe/SBA-15 catalyst decrease only slightly, even after five recycling tests, thus confirming
the good potential of this catalytic system for GVL production on a larger scale.

Figure 6. Recycling tests of 5Ni-3Fe/SBA-15 catalyst.
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3. Experimental Section

3.1. Materials

Levulinic acid, γ-valerolactone, and methyl levulinate were purchased by Shanghai Aladdin
Reagent Company (Aladdin, Shanghai, China). Nickel(II) nitrate hexahydrate [(Ni(NO3)2·6H2O],
ferric(III) nitrate hexahydrate [Fe(NO3)3·9H2O], dichloromethane (DCM), and MeOH were purchased
from Sigma-Aldrich Trading Co., Ltd. (Sigma-Aldrich, Shanghai, China). SBA-15 was produced by
Sinopharm Chemical Reagent Co., Ltd. (Sinopharm, Shanghai, China). Double-distilled H2O was used
for the synthesis of catalysts.

3.2. Preparation of Catalyst

The metal-based catalysts were prepared by the incipient wetness impregnation method [21].
Solutions of nickel(II) nitrate hexahydrate and ferric(III) nitrate hexahydrate were mixed in the
appropriate molar ratio (nominal weight content of 5 wt% Ni, Ni:Fe molar ratio = 5:0, 5:1, 5:2, 5:5).
Then, 1 g of SBA-15 was added into the 10 mL volume of the metal precursor solution. The resulting
slurry was stirred at room temperature for 2 h, then the catalyst was recovered, and dried overnight at
120 ◦C. The calcination was carried out under N2 atmosphere at 450 ◦C (heating rate 5 ◦C/min) for 1 h
and the catalyst was reduced at 450 ◦C (heating rate 5 ◦C/min) for 3 h, under H2 flow.

3.3. Characterization of the Catalysts

Powder X-ray diffraction (XRD) analysis was carried out by a Rigaku Ultima IV X-ray diffractometer
(Rigaku, Tokyo, Japan), utilizing Cu-Kα radiation (λ = 1.5405 Å). The test conditions were tube voltage,
50 kV; tube current, 50 mA; scanning speed, 8◦/min; and scanning range, 10◦–80◦. N2 sorption
measurements were carried out at 77 K on a BEL-MAX gas/vapor adsorption instrument (MicrotracBEL
Corp., Osaka, Japan). The surface areas were measured by the Brunauer-Emmett-Teller (BET)
method. Transmission electron microscopy (TEM) was performed by the JEM-2100 microscope
(JEOL, Tokyo, Japan), working at 200 kV. X-ray photoelectron spectroscopy (XPS) characterization
was carried out by a Scientific Escalab 250 spectrometer (Thermo, Waltham, MA, USA) with AlKα

(hν = 1486.6 eV) radiation, at a pressure of about 1 × 10−9 Torr. The binding energy values were
corrected by using the C1s peak (284.6 eV). The total acidity was determined by NH3-TPD technique.
The calcined samples were characterized using temperature-programmed reduction by a TP-5080
adsorption instrument (xq-instrument, Tianjin, China), which was equipped with a TCD detector.
Hydrogen temperature-programmed desorption (H2-TPD) measurements were performed by an
Autochem II-2920 (Norcross, GA, USA) instrument. The total H2 desorption was calculated by
measuring the areas of the desorption peaks. The FT-IR spectra were acquired by a Nicolet NEXUS
670 (Thermo, Waltham, MA, USA), which was equipped with an in situ IR cell.

3.4. Catalytic Tests

The catalytic hydrogenation of LA was carried out in a 100-mL stainless steel batch autoclave
(Parr, Moline, IL, USA). In a typical run, the autoclave was loaded with the catalyst (0.5 g), LA (2 g),
and MeOH (15 mL). Then, the reactor was heated up to the set-point temperature, under a constant
stirring rate of 1000 rpm. At the end of the reaction, the slurry was recovered and centrifuged to
separate the liquid phase from the spent catalyst, and the former was further analyzed by GC-MS and
GC-FID techniques.

3.5. Analysis of the Liquid Phase

Qualitative analysis of the liquid samples was carried out by a GCMS-QP2010 instrument
(Shimadzu, Kyoto, Japan), equipped with an RTX-5MS column (30 m× 0.25 mm× 0.25 μm). The injector
temperature was 250 ◦C and a split ratio of 20:1 was employed. The MS operated in EI mode at
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70 eV and the ion source temperature was set at 230 ◦C. The temperature program was the following:
from 50 ◦C to 250 ◦C at a heating rate of 10 ◦C/min and held for 5 min at 250 ◦C. He was the
carrier gas, and a column flow of 1.0 mL/min was used. The quantitative analysis was carried
out by a GC-2010 gas-chromatograph (Shimadzu, Kyoto, Japan), equipped with an RTX-50 column
(30 m × 0.25 mm × 0.25 μm) and a flame ionization detector. n-dodecane was used as the internal
standard. Conversion and selectivity parameters were calculated according to the following equations:

Conversion of LA (mol %) =

(
1 − nLA f inal

nLA initial
) ∗ 100 mol % (1)

Selectivity to GVL (mol %) =
nGVL

nproducts
∗ 100 mol % (2)

4. Conclusions

γ-valerolactone is an important biomass platform molecule that can be used as a biofuel,
pharmaceutical intermediate, food additive, and green solvent. The conversion of levulinic acid
into high-value-added γ-valerolactone is an important reaction, and still requires the development
of cheap and highly effective catalysts. In this regard, this paper is mainly focused on the synthesis
of new Ni-Fe/SBA-15 bimetallic catalysts for improving the hydrogenation of levulinic acid into
γ-valerolactone, adopting methanol as the only hydrogen donor. The physicochemical properties of
the synthesized bimetallic catalysts were investigated by different techniques, e.g., XRD, TEM, XPS,
and H2-TPD. H2-TPD confirmed that the addition of Fe as an oxophilic promoter lowers the reduction
temperature of the NiO phase and improves the reducibility of the mixed oxides. At the same time,
the presence of Fe favorably increased the Lewis acidity, which is beneficial for the MPV reduction of LA
to GVL. Moreover, XPS analysis confirmed an electronic transfer from Fe to Ni, promoting the activation
of the C=O bond of LA, and this conclusion is in agreement with the in situ FT-IR characterization.
The preliminary catalytic tests have shown that the best bimetallic 5Ni-3Fe/SBA-15 catalyst has
promising performances towards GVL synthesis. The effect of temperature and reaction time on GVL
production was also considered, achieving complete LA conversion and GVL selectivity, working at
200 ◦C and after 180 min. Lastly, preliminary recycling tests of the best performing Ni-Fe bimetallic
catalyst confirmed the possibility of its advantageous re-use, achieving satisfactory performances to
γ-valerolactone, even after five catalytic cycles. The good catalytic performances/stability, the low
cost, and the easy synthesis/regeneration of our Ni-Fe bimetallic catalysts are key aspects for the real
development of γ-valerolactone production on a larger scale, thus filling the still existing gap between
the industrial and academic world.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/9/1096/s1.
Figure S1: XPS profiles of reduced catalysts. Figure S2: H2-TPD profiles of the synthesized SBA-15 supported
catalysts. Figure S3: Influence of metals supported with SBA-15 on the amount of hydrogen in gas. Figure S4:
GC-MS results for hydrogenation of LA with different reaction times.
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Abstract: To upgrade biomass-derived alcohol mixtures to biofuels under solvent-free conditions,
MgO–Al2O3 mixed metal oxides (MMO) decorated with Ni nanoparticles (Ni–MgO–Al2O3) are
synthesized and characterized. Based on the result, Ni nanoparticles are highly dispersed on the
surface of MgAl MMO. As the Ni loading content varies from 2 to 10 wt.%, there is a slight increase in
the mean Ni particle size from 6.7 to 8.5 nm. The effects of Ni loading amount, reducing temperature,
and Mg/Al ratio on the conversion and product distribution are investigated. With the increase
in both the Ni loading amount and reducing temperature, dehydrogenation (the first step of the
entire reaction network) is accelerated. This results in an increase in the conversion process and a
higher selectivity for the dialkylated compounds. Due to the higher strength and density of basic
sites under high Mg/Al ratios, double alkylation is preferred and more long-chain hydrocarbons
are obtained. A conversion of 89.2% coupled with a total yield of 79.9% for C5–C15 compounds is
acquired by the as-prepared catalyst (prepared with Ni loading of 6 wt.%, reducing temperature of
700 ◦C, and Mg/Al molar ratio of 3. After four runs, the conversion drops by 17.1%, and this loss
in the catalytic activity can be attributed to the decrease in the surface area of the catalyst and the
increase in the Ni mean particle size.

Keywords: ABE fermentation; Ni-MgO-Al2O3 catalyst; biofuel; catalytic performance

1. Introduction

The ever-growing concerns with regards to the continual depletion of fossil fuel
reserves and the increasing severity of the environmental issues have urged the hastened
development of clean energy sources. Biomass has received increasing attention as one
of the most promising clean energy sources due to its abundant and renewable nature. In
particular, the conversion of biomass into transportation fuels has emerged as a critical
research focus in chemistry and engineering-related fields [1–12].

Triglyceride, starch-based, and lignocellulosic feedstocks are three types of feedstocks
used in the production of biofuel [13–19]. Among these feedstocks, lignocellulosic biomass
is considered the most promising candidate due to its high natural abundance [20–22]. To
convert lignocellulose into biofuels, two steps are required. Step 1: Solid biomass has to
be converted into platform chemicals with better catalytic activity to proceed with further
treatments. Step 2: Conversion of platform chemicals into biofuels via C–C coupling
reaction and hydrodeoxygenation (HDO), when necessary [23–25]. Various strategies can
be implemented during the first step of the conversion process, whereby these strategies
can be categorized into two parts: (1) Thermochemical process can be conducted under
high temperature and/or pressure, and it can later be combined with chemical upgrading,
e.g., Fischer–Tropsch synthesis. (2) The hydrolysis process can be carried out so that small
molecules containing oxygen functional groups, such as acetone n-butanol-ethanol (ABE)
fermentation products [26], can be obtained using biological or chemical means. After
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which, these generated small molecules can be upgraded into biofuels via catalytic reactions.
Due to the ease of control on the molecular weight of the final hydrocarbons, the hydrolysis
strategy has garnered more attention as compared with thermochemical strategy.

The chemical catalytic upgrading of ABE fermentation products to C5–C11 ketones and
alcohols in toluene was reported for the first time by Toste and coworkers [27]. The total
yield was 86%. Then, the generated C5–C11 ketones and alcohols were deoxygenated into
components for the preparation of various products such as gasoline, jet fuel, and diesel fuel.
Other than using toluene, Xu and coworkers [28] demonstrated the direct transformation
of mimicking ABE fermentation products using water as the solvent, whereby Pd/C was
coupled with various bases, e.g., K3PO4, KOH, and K2CO3, as the catalyst. In their report,
the type and amount of bases used during the process can play pivotal roles in determining
the total yield and product distribution. Furthermore, Xue et al. reported that concentrated
ABE mixture could be directly alkylated to C5–C15 or longer chain ketones in a continuous
mode using a Pd/C catalyst, with an average conversion rate of >70% [29]. To further
improve the recyclability and to avoid the use of alkaline as additives, metal supported
on an alkaline substrate, e.g., hydrotalcite (HT) and CaO, has been developed [30,31]. For
example, Lee and co-workers used Pd@C and CaO as solid bases to convert ABE mixture
in a 180 ◦C batch reactor without any added solvent to produce a mixture of ketones and
corresponding alcohols with 78% yield from acetone [32]. Among the various metallic
materials (Ru, Pd, Fe, Co, Ni, Cu, and Zn) studied, Pd and Cu demonstrate the best
performance with yields of 95% and 92%, respectively. On the other hand, Ni–HT catalyst
shows a total yield of 2% [33]. Even though Pd-based and Cu-based catalysts demonstrate
high performance, these catalysts still face challenges that require significant attention. For
instance, besides the high cost of Pd, significant decarbonylation is observed for Pd–HT
catalyst, which can lead to poor selectivity toward the desired products and carbon balance
simultaneously [34]. As reported by Onyestyák and coworkers [35,36], a Cu-based catalyst
is also unsuitable due to the high production of side products, i.e., esters, via Tishchenko
reaction. As such, due to these limitations that plagued Pd-based and Cu-based catalysts,
the development of cheap and efficient catalysts is urgently needed. In addition, to achieve
green chemistry and simple separation, it is of great significance to convert ABE mixtures
under solvent-free conditions. Furthermore, detailed investigations are greatly needed to
provide insights into the reaction.

The reaction pathway is mainly comprised of dehydrogenation, aldol condensation,
dehydration, and hydrogenation. This leads to clear design considerations when develop-
ing the catalysts: catalysts should possess (1) the ability to facilitate dehydrogenation of
alcohols and (2) the capacity for aldol condensation. As reported in our previous work [37],
Ni nanoparticles are regarded as the most promising catalyst for the upgrading of the
ABE mixture due to their high catalytic activity for dehydrogenation/hydrogenation. It is
well accepted that aldol condensation takes place at the acid–base site [38–41]. As a result,
factors such as Ni loading, morphology of Ni nanoparticles, and the acidity–basicity of the
catalyst can exert significant impacts on the catalytic activity of the catalyst.

Herein, a series of Ni–HT catalysts with different Ni loadings and acid–base properties
is synthesized via the co-precipitation method. The as-prepared Ni–HT catalysts are
characterized using scanning electron microscopy (SEM), high-resolution transmission
electron microscope (HRTEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and temperature-programmed desorption (TPD). In this work, various parameters
such as Ni loading content, temperature used in the reduction of catalyst, and Mg/Al ratio
are systematically investigated for their effects on the total yield and product distribution.

2. Results and Discussion

2.1. Characterization of the as-Prepared Catalyst

XRD spectrums of Ni-MgO-Al2O3 catalysts with various Ni loading are presented
in Figure 1. Distinct peaks located at 2θ = 36.1◦, 43.1◦, 62.6◦, and 79.0◦ can be observed,
which are consistent with those present in the standard XRD spectrum of MgO (JCPDS
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01-075-1525). The diffraction peak located at 35.1◦ can be assigned to Al2O3, which overlaps
with the diffraction peak of MgO. The characteristic peaks of Ni are not observed for 0 wt.%
Ni loading, which is indicative that the pristine sample does not contain Ni. As the Ni
loading increases to 2 wt.%, weak XRD peaks of Ni can be barely observed, which suggests
that there is a low percentage of Ni in the catalyst with high dispersity. As the Ni loading
increases, three distinct peaks at 44.5◦, 51.8◦, and 76.4◦ can be observed, which correspond
to (111), (200), and (220) planes of metallic Ni (JCPDS 03-065-0380), respectively. This XRD
result suggests the successful formation of Ni nanoparticles. As shown in Table 1, with the
increase in Ni loading from 2 to 10 wt.%, the average crystallite size of Ni nanoparticle
increases slightly from 6.7 to 8.5 nm, based on the Scherrer equation.

Figure 1. XRD spectrums of the as-prepared catalysts with various Ni loadings.

Table 1. Structural properties of Ni-MgO-Al2O3 catalysts with various Ni loadings.

Ni Loading
(wt.%)

Surface Area
(m2/g)

Pore Volume
(cm3/g)

Mean Pore Diameter
(nm)

Crystalline Size
(nm)

0 267.1 0.8 6 /
2 256.1 0.74 5.8 6.7
4 238 0.69 5.7 7.1
6 237.5 0.68 5.7 7.5
8 237.4 0.65 5.5 7.9

10 227.2 0.63 5.5 8.5

To investigate the morphology of the as-prepared catalyst, SEM, and TEM are em-
ployed. Figure S1 shows the SEM images of the as-prepared catalyst. TEM images of
various catalysts prepared with different Ni loadings of 2, 6, and 8 wt.% are shown in
Figure 2a–c, respectively. Ni nanoparticles are clearly observed as dark spots in the TEM
images, and they are highly dispersed on the surface of MgO-Al2O3. By measuring the size
of more than 150 nanoparticles observed in the TEM images, corresponding histograms
of Ni particle size distributions for catalysts with 2, 6, and 8 wt.% Ni loadings can be
derived, and they are presented in Figure 3a–c, respectively. The average particle size of Ni
nanoparticles is estimated based on a number-weighted diameter (d = ∑ nidi/∑ ni, ni is
the number of counted Ni particles with a diameter of di) with values of 6.8 and 7.8 nm
for catalysts with 2 and 8 wt.% Ni loadings, respectively. This result confirms that the
mean particle size of Ni nanoparticles increases slightly with the increase in Ni loading,
which is consistent with the XRD results. Based on the high-resolution TEM image shown
in Figure 2d, a lattice fringe of 0.203 nm can be clearly observed for the Ni nanoparticle,
which corresponds to the (111) plane of Ni [42].
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Figure 2. TEM images of Ni-MgO-Al2O3 catalysts with Ni loadings of (a) 2 wt.%, (b) 6 wt.%, and (c)
8 wt.% Ni; (d) HRTEM image of Ni-MgO-Al2O3 catalyst (6 wt.%).

 

 
Figure 3. Histograms of the particle size distribution of Ni nanoparticles in the as-prepared catalysts
with various Ni loadings: (a) 2 wt.%, (b) 6 wt.%, and (c) 8 wt.%.

To provide greater details to the dispersibility of Ni nanoparticles in the as-prepared
catalyst, energy-dispersive X-ray spectroscopy (EDS) elemental mapping is conducted for Ni-
MgO-Al2O3 catalyst with 6 wt.% Ni loading. As shown in Figure 4, the elemental distributions
of Mg, Al, and Ni in the sample are highly uniform. This result suggests that Ni nanoparticles
are homogeneously distributed across the well-mixed MgO-Al2O3 binary oxides.
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(a) (b) (c) 

Figure 4. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping of Ni-MgO-Al2O3 catalyst with 6 wt.% Ni
loading. (a) Mg; (b) Al; (c) Ni.

BET surface areas, pore volumes, and pore size distributions of Ni-MgO-Al2O3 cata-
lysts with various Ni loading are summarized in Table 1. It can be observed that all catalysts
possess high surface areas (larger than 200 m2/g), which is vital in providing a large contact
area between the catalyst and the reactant, thus contributing toward high catalytic activity.
With the increase in Ni loading, various parameters such as surface area, pore volume,
and mean pore diameter exhibit a decreasing trend. Note that as Ni loading increases
from 0 to 10 wt.%, the surface area of the sample decreases from 267.1 to 227.2 m2/g.
Meanwhile, the pore volume of the sample also decreases from 0.80 to 0.63 cm3/g. This
observation may be due to the increased occupancy of Ni nanoparticles in the sample as
the Ni loading increases. Pore size distributions and N2 isotherms are provided in Figure
5a,b, respectively. The pore size distribution, determined using the Barrett, Joyner, and
Halenda method, illustrates that all the as-prepared catalysts contain mesopores with a
mean pore size of approximately 6 nm. The N2 adsorption–desorption isotherms of all the
as-prepared catalysts reveal a typical Type IV isotherm with a well-defined N2 hysteresis
loop at relative pressures of 0.7–1.0. As such, based on this result, the as-prepared catalysts
should possess mesoporous structures.

 

Figure 5. (a) Pore size distributions and (b) N2 adsorption–desorption isotherms of Ni-MgO-Al2O3

catalysts with various Ni loadings.

2.2. Catalytic Upgrading of ABE Mixture

Scheme 1 shows the illustration of the catalytic upgrading mechanism of ABE mix-
tures to long-chain compounds. As illustrated in Scheme 1, three main reactions are
involved during the catalytic upgrading process. Part A: Alkylation reactions producing
ketones. Part B: Guerbet reactions generating alcohols with longer chains. Part C: Self-
condensation of acetones through aldol condensation. Although the detailed mechanism
of the Guerbet reaction is still controversial, it is generally believed that both the Guerbet
reaction and alkylation reaction involve a series of processes, such as dehydrogenation
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of alcohol, aldol condensation between ketone (or aldehyde) and aldehyde, dehydration,
and hydrogenation.

 

Scheme 1. Catalytic upgrading mechanism of ABE mixture.

It is commonly acknowledged that nanoparticles can facilitate the dehydrogena-
tion/hydrogenation process. As such, loading amount and dispersibility of nanoparticles
can play pivotal roles in influencing the catalytic activity of the catalyst. The growth
of carbon chain molecules can be produced by aldol condensation. For example, aldol
condensation between acetone and acetaldehyde yields 2-pentanone (2-C5), and with fur-
ther aldehyde condensation between 2-C5 and acetaldehyde, 4-heptaneone (4-C7) can be
obtained. Part D: Alcohols (C5-OH, C7-OH, C9-OH, and C11-OH) can be generated via the
hydrogenation of corresponding ketones as shown in Scheme 1. Ketone hydrogenation
requires additional hydrogen resources, which may come from two ways. First, it may be
released during the aldoesterification process (Scheme 2). However, neither ethyl acetate
nor butyl butyrate is observed in our reaction system, and therefore these products can be
ruled out. Second, steam reforming of ethanol or butanol may occur with the generation of
hydrogen. As mentioned by Fu and Gong [43], nickel nanoparticles possess catalytic activ-
ity for the steam reforming of alcohols. The dehydrogenation of alcohols, decarbonylation
of aldehydes, water–gas shift reaction, and CH4 conversion are as follows. The activity of
alcohol condensation reaction is highly related to the acidity and basicity of the catalyst,
which indicates that the optimization of acid/base strength or acid/base amount of catalyst
can play a significant role.

Scheme 2. Esterification between alcohol and aldehyde.

According to the abovementioned analyses, the effects of Ni amount on the ABE
conversion yield and product distribution are firstly investigated. As shown in Figure 6,
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when ABE conversion is conducted using MMO catalyst (without Ni nanoparticle), an ABE
conversion yield of 8.4% with two main products, i.e., 2-C5 and 2-C7 (monoalkylation of
acetone with ethanol and butanol), are obtained. This result clearly shows that Mg-Al MMO
exhibits low activity toward the dehydrogenation of ethanol and 1-butanol. Interestingly,
as Ni nanoparticle is incorporated into Mg-Al MMO, ABE conversion yield is significantly
improved as observed in Figure 6. Note that as Ni loading in the catalyst increases from 0 to
2 wt.%, ABE conversion yield increases drastically from 8.4% to 58.8%. After which, as Ni
loading increases from 2 wt.% to 6 wt.%, ABE conversion yield continues to increase steadily
from 58.8% to 89.2%. When the nickel loading is more than 6 wt.%, the yield decreases
from 89.2% to 86.48% with increasing nickel loadings. Furthermore, it can be observed
that with the increase in Ni loading, the main product changes from mono-alkylated
compounds (C5 and 2-C7) to double-alkylated ones with longer carbon chains (4-C7 to
C15). For instance, the total yield of double-alkylated compounds reaches 79.88% when the
Ni loading is 6 wt.%. Two key reasons can be used to explain such phenomenon: (1) As Ni
nanoparticle exhibits high dehydrogenation activity, increasing Ni loading would translate
to the production of more aldehydes, which can then act as reactants for subsequent aldol
condensation. This process can lead to a significant improvement in double alkylation.
However, over-high Ni loading content is not valuable for the conversion yield. (2) C=C
bonds in α, β-unsaturated ketones are kinetically and thermodynamically favored by the
Ni site, and therefore saturated ketones are generated [44].

Figure 6. ABE conversion using Ni-MgO-Al2O3 catalysts with various Ni loading (reaction con-
ditions: 15 g of ABE mixtures with 1.5 g of Ni-MgO-Al2O3 catalyst, molar ratio of Mg/Al: 3,
temperature used in the reduction of catalyst: 700 ◦C, 240 ◦C, 20 h).

Other than the Ni loading contents, the temperature used in the reduction of the cata-
lyst can also influence the catalytic activity of the catalyst. As such, various temperatures
are used in the preparation process, and the corresponding catalytic performances of the
as-prepared catalysts are shown in Figure 7. It is clearly shown that 7% ABE conversation
yield with C5 as the sole product is achieved when catalysts that are reduced at 400 ◦C and
500 ◦C are used. As the temperature used in the reduction of catalyst increases to 600 ◦C, an
increase in the ABE conversion yield is observed, with long-chain ketones and alcohols as
the products. As the temperature increases from 600 ◦C to 800 ◦C, a total yield that increases
from 68.4% to 88.6% is recorded. This observation is largely attributed to the fact that HT
precursors would not be able to completely convert to MMO at a temperature lower than
500 ◦C, which results in higher catalytic activity for subsequent aldol condensation [45,46].
On the other hand, Ni nanoparticle is expected to catalyze the dehydrogenation of alcohols,
while Ni2+ shows low dehydrogenation activity.

To verify the abovementioned hypothesis, XPS is used to further characterize the
catalysts reduced at various temperatures. Binding energy values of metallic Ni are
852.7 eV (Ni 2p3/2) and 870.5 eV (Ni 2p1/2), while those of NiO are 854.0 eV (Ni 2p3/2) and
872.5 eV (Ni 2p1/2) [46,47]. As shown in Figure 8, as the temperature used in the reduction
of the catalyst decreases to the range of 400 to 500 ◦C, a peak near 854.6 eV is observed,
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which indicates that Ni species exists primarily in the form of NiO. On the other hand,
as the temperature increases from 600 to 800 ◦C, a peak around 852.6 eV can be clearly
observed. The shift in the binding energy toward lower values may be attributed to the
change in the configuration of Ni in the MgO-Al2O3 matrix. As indicated in Table 2, the
amount of Ni nanoparticles in the catalyst increases from 7% to 87% as the temperature
used in the reduction of catalyst increases from 400 to 800 ◦C.

 
Figure 7. Effect of temperature used in the reduction of catalyst on its catalytic performance (reaction
conditions: 15 g of ABE mixture with 1.5 g of Ni-MgO–Al2O3 catalyst, molar ratio of Mg/Al: 3, Ni
loading amount: 6wt.%, 240 ◦C, 20 h).

Figure 8. Ni 2p XPS spectrums of Ni-MgO–Al2O3 catalysts reduced at various temperatures.

Table 2. Quantity of oxidized and metallic Ni element in the catalysts reduced at various tempera-
tures.

Temperature
(◦C)

Ni0 Amount
(%)

Ni2+ Amount
(%)

Ni0/Ni2+ Molar
Ratio

400 7 93 0.07
500 17.4 82.6 0.21
600 55.7 44.3 1.28
700 78 22 3.55
800 87 13 6.69

It is well accepted that the acid–base properties of the catalyst can play a key role in
influencing the aldol condensation activity. The weak Brønsted basic sites of MgAl-MMO
are related to the residual surface hydroxyl groups after activation, the moderate strength
Lewis sites are related to Mg2−O2− and Al3+O2− acid–base pairs, and the strong Lewis base
sites are due to the existence of low coordinated O2 species. The lower Al dopant content
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and the higher Mg content led to the increase in the basic center density, which is due to
the formation of coordinated unsaturated oxygen sites. Materials with high Al contents are
beneficial to the dehydration of alcohols rather than dehydrogenation and condensation.
Ref. [48] by varying the Mg/Al-ratios, which changes the number and strength of the
acid-base sites, the selectivity can be optimized towards dehydrogenation, aldolization,
and hydride-shifts. Thus, the effect of the Mg/Al ratio on the catalytic performance of
the catalyst is investigated. As shown in Figure 9, as the Mg/Al ratio increases from 1 to
9, ABE conversion yield remains constant at 88.4%. However, significant changes in the
product distribution are observed across the varying Mg/Al ratio. Note that as the Mg/Al
ratio increases from 1 to 9, the selectivity for C5 and 2-C7 decreases and more C8–C15 are
obtained. This result indicates that double alkylation is preferable at higher Mg/Al ratios.
Figure S6 shows the results of the product distribution for the catalytic coupling of the
ABE mixture.

Figure 9. Effect of Mg/Al ratio on catalytic performance. Reaction conditions: 15 g of ABE mixture
and 1.5 g of Ni-MgO-Al2O3 catalyst, Ni loading amount: 6 wt.%, temperature used in the reduction
of catalyst: 700 ◦C, 240 ◦C, 20 h.

The acid and base properties of catalysts with various Mg/Al ratios are investigated
using NH3-TPD and CO2-TPD, respectively. As shown in Figure 10a, catalysts with various
Mg/Al ratios exhibit a similar profile with observable broad peaks at around 120 ◦C, which
indicates that Ni-MgO-Al2O3 catalysts only contain weak acidic sites. As shown in Figure 10b,
CO2-TPD profiles are composed of two overlapping desorption peaks centered around 150 ◦C
(peak I) and 260 ◦C (peak II), which correspond to weak and moderate basic sites, respectively.

Figure 10. (a) NH3-TPD and (b) CO2-TPD profiles of Ni-MgO-Al2O3 catalysts with various Mg/Al ratios.

The concentrations of the acidic sites of the catalysts with various Mg/Al ratios are
listed in Table 3. The concentration of acidic sites gradually decreases to a minimum value
of 0.27 μmol/g with an increase in Mg/Al ratio. On the other hand, with the increase
in Mg/Al ratio, the density of weak basic site decreases from 0.69 to 0.61 μmol/g, while
densities of moderate basic site and the total basic site gradually increase. The weak
acidic sites in the catalyst are beneficial toward the dehydration of unstable aldol products.
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However, the presence of strong acid sites could potentially result in side reactions such as
dehydration of alcohols to olefins. The basicity and number of basic sites play an important
role in determining the product distribution. With the consideration of the results presented
in Figure 9, it is suggested that there is a preferential double alkylation of acetone when
using catalysts with higher basicity and more basic sites. This may explain the need for
large amounts of alkali such as K3PO4, KOH, and K2CO3 in other works [27,28].

Table 3. Acid and base properties of Ni-MgO-Al2O3 catalysts with various Mg/Al ratios.

Mg/Al
Acid Sites
(μmol/g)

Basic Sites (μmol/g)
Total Basic Sites (mmol/g)

Weak Basic Sites
(mmol/g)

Moderate Basic Sites
(mmol/g)

Total Basic Sites

1:1 0.41 0.69 0.40 1.09
3:1 0.40 0.68 0.56 1.24
5:1 0.37 0.65 0.60 1.25
7:1 0.32 0.63 0.76 1.39
9:1 0.27 0.61 0.84 1.45

2.3. Regeneration Performance

The reusability of the as-prepared catalyst is studied, and the result is shown in Figure 11.
It can be observed that ABE conversion yield decreases from 89.2% to 72.1% after four runs.
To provide some insights into the decrease in the ABE conversion yield with runs, the spent
catalysts are investigated with XRD, BET, and TEM. As shown in Figure S2, there is no distinct
difference between the XRD spectrums of the fresh and spent catalysts, which indicates that
the crystal structure and phase of the catalyst remain unchanged after the operation. The
pore size distribution and N2 adsorption–desorption isotherms of the spent catalysts are
depicted in Figure S3, with the rest of the BET results listed in Table S1. With the increase
in the number of recycling runs, the specific surface area and pore volume of the spent
catalyst decrease gradually. Such a result may be the key factor towards the observed catalytic
activity loss. TEM image of the spent catalyst is shown in Figure S4a, and the histogram of
the size distribution of Ni nanoparticles is shown in Figure S4b. The mean diameter of Ni
nanoparticles increases to 8.1 nm after several cycles, which is another factor that poses a
detrimental effect on the catalytic performance of the catalyst. The base density of the used
catalyst decreased significantly from 1.24 to 0 μmol/g, which may be caused by the formation
of MgCO3. The main peaks located at 400 ◦C and 540 ◦C can be attributed to the release of
CO2 from the decomposition of MgCO3. The decrease in the base density and surface area of
the activated catalyst may lead to a decrease in its catalytic activity.

 
Figure 11. Regeneration performance of Ni-MgO-Al2O3 catalyst (reaction conditions: 15 g of ABE
mixture and 1.5 g of Ni-MgO-Al2O3 catalyst, molar ratio of Mg/Al: 3, Ni loading: 6 wt.%, temperature
used in the reduction of catalyst: 700 ◦C, 240 ◦C, 20 h).
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3. Experimental Section

3.1. Materials

Al(NO3)3·9H2O, Mg(NO3)2·6H2O, and Ni(NO3)2·6H2O were purchased from Sigma-
Aldrich Co. (Sigma-Aldrich, St. Louis, MO, USA) Ethanol (99.9%), acetone (99.9%), and
1-butanol (99.9%) were purchased from Fuchen Chemical Plant (Tianjin, China). Deionized
water was used in all reactions. All chemicals were used as received, without further pu-
rification.

3.2. Preparation of the Catalyst

Ni-MgO-Al2O3 mixed metal oxide (MMO) was prepared via co-precipitation. In a
typical preparation process, an aqueous solution (0.1 L) of Na2CO3(0.2 mol, 2.12 g) solution
was added into an aqueous solution (0.1 L) containing Mg(NO3)2·6H2O (1.05 mol, 26.92 g),
Al(NO3)3·9H2O(0.35 mol, 13.13 g), and Ni(NO3)2·6H2O(0.09 mol, 2.62 g), and the mixture
was mixed via vigorous stirring. The pH of the mixture was carefully maintained in the
range of 9 to 10 using an aqueous 0.3 M NaOH solution. After continuously stirring and
aging overnight, the precipitate (Mg-Al MMO) was filtered and washed with deionized
water until the pH of the precipitate reached 7, and the washed precipitate was dried at
100 ◦C overnight. The as-prepared catalyst was subsequently dried at 80 ◦C overnight.
Finally, the catalyst was reduced at 700 ◦C in the presence of H2.

3.3. Characterization Techniques

XRD spectrum of the sample was recorded using a Shimadzu XRD-6000 diffractometer
(Shimadzu, Tokyo, Japan) with Cu Kα radiation (λ = 1.5418 Å). A 2-theta value range of
5◦ ≤ 2θ ≤ 90◦ was used in the XRD measurement. XPS spectrum of the sample was
measured using a Thermo VGESCALAB 250 spectrometer (Thermo, Waltham, MA, USA),
with Mg Kα (1253.6 eV) radiation as the X-ray source. All binding energies were calibrated
with reference to the position of C1s peak at 284.6 eV. The morphology of the sample was
observed under a ZEISS SUPRA55 SEM (ZEISS, Jena, Germany), with an accelerating
voltage of 2.0 kV. The structure, size, and lattice fringes of the sample were examined under
a JEOL JEM-2011 TEM (JEOL, Tokyo, Japan), equipped with an energy-dispersive X-ray
spectrometer. The specific surface area of the sample was measured (Bruker, Karlsruhe,
Germany) according to the Brunauer–Emmett–Teller (BET) method based on N2 adsorption
isotherm. All samples were degassed at 180 ◦C for 4 h prior to the BET measurement.
The acid–base properties of the catalyst were determined using NH3-TPD and CO2-TPD,
respectively, which are both equipped with a thermal conductivity detector (TCD, Bruker,
Karlsruhe, Germany). 0.2 g sample was pretreated in a U-tube glass under a 25 mL/min
He flow at 350 ◦C for 1 h, and it was then cooled to 100 ◦C. After completing the degassing
of the sample, the adsorption gas was switched to CO2 or NH3, which was used to flush
the U-tube glass for 30 min. After which, the temperature was increased from 100 to 850 ◦C
at a heating rate of 10 ◦C/min, under a pure He atmosphere, to record the TCD signals.

3.4. Catalytic Conversion of Feedstock to Biofuel

A mixture of acetone, n-butanol, and ethanol with a molar ratio of 2.3:3.7:1 was used
as a model of ABE fermentation. The catalytic conversion was conducted in a high-pressure
reaction vessel, which was equipped with a magnetic stirring bar (IKA, Köln, Germany).
In a typical reaction process, 1.5 g of the as-prepared catalyst and 15 g ABE mixture were
added into the reactor, and the reactor was then heated to 240 ◦C for 20 h under a stirring
speed of 800 rpm. After which, the reactor was cooled to room temperature by immersing
it into an ice-water bath. The reaction product is analyzed using Shimadzu GC-2014
Chromatograph (Shimadzu, Tokyo, Japan) and Agilent GC-MS (Agilent, Palo Alto, Santa
Clara, CA, USA) with DB-5 column, according to our previous work [37].
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4. Conclusions

In summary, the potential of Ni-MgO-Al2O3 as a heterogeneous catalyst in biofuel
production is investigated in this work. The as-prepared catalyst shows high efficiency
in upgrading ABE mixture into long-chain (C5–C15) ketones and alcohols, which are
important biofuel precursors. With the increase in Ni loading from 2 to 10 wt.%, the specific
surface area of the catalyst decreases from 256.1 to 227.2 m2/g, while the mean diameter of
Ni nanoparticles increases from 6.7 to 8.5 nm. The acid–base properties of the as-prepared
catalyst can be controlled by adjusting the Mg/Al molar ratio. Based on the result, catalysts
with Mg/Al molar ratio in the range of 1 to 9 all show weak acidic sites, with a decreasing
concentration of these acidic sites from 0.41 to 0.27 μmol/g. In contrast, as the Mg/Al
molar ratio increases from 1 to 9 and the concentration of basic site increases from 1.09 to
1.45 μmol/g, with more moderate basic sites being generated. Furthermore, it is shown that
higher conversion and greater preferential for double alkylation can be realized with higher
Ni loading and higher temperature used in the reduction of catalyst. The Mg/Al molar
ratio has little effect on the conversion yield, but it plays a significant role in influencing
the product distribution. When employing a catalyst with a high amount of Mg, significant
enhancement in the selectivity for 4-C7 to C15 hydrocarbons is observed. The catalyst,
prepared with Mg/Al ratio of 3 and 6 wt.% Ni loading, and reduced at 700 ◦C, can achieve
a conversion yield of 89.2% with the total C5–C15 compounds yield of 79.9%. The cyclic
performance of the catalyst is also investigated, whereby there is a 17.1% decrease in the
conversion yield after 4 runs. This loss in the activity may be a result of the decrease in the
surface area and increase in the mean Ni particle size.
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Abstract: In this work, the transesterification of methyl estolides (ME) extracted from the lipid com-
ponent present in the sewage scum was investigated. Methyl 10-(R)-hydroxystearate (Me-10-HSA)
and Fatty Acid Methyl Esters (FAMEs) were obtained in a single step. A three-level and four factorial
Box–Behnken experimental design were used to study the effects of methanol amounts, catalyst, tem-
perature, and reaction time on the transesterification reaction using aluminum chloride hexahydrate
(AlCl3·6H2O) or hydrochloric acid (HCl) as catalysts. AlCl3·6H2O was found quite active as well as
conventional homogeneous acid catalysts as HCl. In both cases, a complete conversion of ME into
Me-10-HSA and FAMEs was observed. The products were isolated, quantified, and fully characterized.
At the end of the process, Me-10-HSA (32.3%wt) was purified through a chromatographic separation
and analyzed by NMR. The high enantiomeric excess (ee > 92%) of the R-enantiomer isomer opens a
new scenario for the valorization of sewage scum.

Keywords: sewage scum; methyl (R)-10-hydroxystearate; FAMEs; biodiesel; estolides

1. Introduction

Hydroxy Fatty Acids (HFAs) are valuable raw materials widely used for several
industrial applications, including resins, polymers, cosmetics, biofuels, biolubricants, and
additives in coatings and paintings [1,2]. They are valuable intermediates for synthesizing
chemicals and pharmaceuticals for their antibiotic, anti-inflammatory, and anticancer
properties [3,4].

HFAs are ubiquitous as constituents of plants, seeds, insects, animals and other mi-
croorganisms [5,6]. Many of these natural sources are found as part of estolides, oligomeric
fatty acid esters formed by hydroxy acyl groups bonded together with ester bonds [7].
Estolides are being marketed as biolubricants for automotive and industrial applications for
their excellent physicochemical properties as high viscosity and flash point, good resistance
and biodegradability [8–10].

Since its first discovery, 10-(R)-Hydroxystearic acid (10-HSA) has attracted great
industrial interest. It is the natural precursor of γ-(R)-dodecalactone, a taste and aroma
component used in the flavor and fragrance industry [11–13]. Moreover, it is used in the
manufacturing of lubricants and cosmetics for its chemical properties similar to those of
Ricinoleic acid (or 12-Hydroxystearic acid) [14,15].

In recent years, different studies have been carried out for the production of 10-HSA,
based on the enzymatic hydrolysis of vegetable oils from bacteria and microorganisms, such
as Elizabethkingia meningoseptica [16], Enterococcus faecalis [17], Lactobacillus plantarum [18],
Lysinibacillus fusiformis [19], Nocardia cholesterolicum [20], Selenomonas ruminantium [21],
Stenotrophomonas nitritireducens [22], Stenotrophomonas maltophilia [23], Sphingobacterium
thalpophilum [24]. Fatty acid hydratases have shown to be efficient catalysts with a good
regio- and stereoselectivity, particularly useful to obtaining pure enantiomeric forms [25,26].
However, their applicability is not competitive with the currently existing conventional
diesel-producing technology for a series of drawbacks, including (i) the specificity of the
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substrate, which can be a problem for the conversion of some feedstocks, (ii) the instability
of the enzymes in the organic solvents, often required for the solubilization of reacting
substrate or recovery of the final product, and (iii) their excessive cost [27].

The use of edible oils for human consumption represents a non-sustainable choice
from an economic and environmental perspective. The development of new solutions to
produce 10-HSA or its derivatives, mainly if based on non-edible feedstocks, could be a
challenging goal for economic reasons and environmental and ethical concerns. Although
considered a waste, sewage scum can be used as a source of energy and resources, thus
replacing non-renewable resources with a considerable environmental impact [28–31].

Identified as CER190809, it is a floatable by-product of the wastewater treatment
plants (WWTPs) obtained from the primary and secondary settler tanks. It mainly consists
of vegetable oils and grease, animal fats, and food waste deriving from households, restau-
rants and animal product industries [32]. Due to their low density, these oily materials
float on the wastewater surface. They can be easily skimmed off at the beginning of the
treatment processes and used for energy purposes. Usually, sewage scum is processed in
the anaerobic digester to produce biogas for electricity generation in the same plant [33].
However, the separation of sewage scum is often avoided compared with that of primary
and secondary sludge, which instead accounts for about 50% of the total operating costs of
a WWTP [34,35]. More frequently, they are directly disposed of in landfills, increasing the
cost of treatment facilities and negatively impacting the environment. For these reasons,
researchers have focused on developing novel technologies for their full exploitation. The
use of sewage sludge as a lipid feedstock for biodiesel production is an alternative and
sustainable approach to sludge management and disposal challenges [36].

Biodiesel is a biodegradable and renewable fuel with chemical and physical proper-
ties similar to petroleum-based fuels [37–39]. It is a mixture of Fatty Acid Methyl Esters
(FAMEs), which can be synthesized by the reaction of different lipid fractions with methanol
in the presence of an acid, a base or an enzyme catalyst [40,41]. The main obstacle to its
marketing is the raw materials (mostly vegetable oils and animal fats), which constitute
about 70–85% of production costs [42,43]. As a result, the use of non-edible alternative oils
is constantly growing. Lipids extracted from sewage scum are mainly constituted by Free
Fatty Acids (FFAs, 45–55%wt) and calcium soaps of fatty acids (25–30%wt) [28,29]. After
the chemical activation with formic acid [44], they can be easily converted into the corre-
sponding methyl esters by direct esterification with methanol using aluminum chloride
hexahydrate (AlCl3·6H2O) as a catalyst [45]. However, besides the biodiesel production
(75–80%wt), methyl estolides (ME, 15–20%) were also isolated and characterized [28]. These
last, obtained as a result of bacteria activity in sewage sludge [46], can be further converted
into methyl-10-hydroxystearate (Me-10-HSA) and FAMEs, representing a valuable source
for 10-HSA production (Figure 1) through a transesterification reaction.

Figure 1. Schematic process of the transesterification reaction of methyl estolides with methanol for
the synthesis of Me-10-HSA and FAMEs.

Such a process would contribute to the production of Me-10-HSA from non-edible
feedstocks and a complete valorization of the lipid fraction present in the sewage scum. In
this study, an acidic transesterification was proposed for the synthesis of Me-10-HSA and
FAMEs by direct conversion of ME isolated from sewage scum with methanol. Aluminum
chloride hexahydrate (AlCl3·6H2O) and hydrochloric acid (HCl) were used as catalysts.
The best operative conditions were determined through a response surface methodology,
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widely adopted in studies concerning the production of biodiesel for optimizing the
transesterification reaction [47–50]. Notably, a Box–Behnken factorial design of experiments
was used. The amount of methanol and catalyst, temperature and reaction time were
optimized with the aim of maximizing the conversion of ME into Me-10-HSA and FAMEs.

2. Analysis of Results

2.1. Characterization of the Lipid Component of Sewage Scum and Biodiesel Production

Biofuels are considered the leading renewable energy sources, presenting several
advantages with respect to conventional fossil fuels [51,52]. Nevertheless, the high pro-
duction costs associated with the raw materials (vegetable oils and animal fats) result in a
significant increase in their price [42,43].

Sewage scum can be considered a cheap and available feedstock to synthesize biofuels
due to its high lipid content (up to 36–50% of dry weight) [29]. The lipid fraction, very rich
in FFAs, can be easily converted into FAMEs by acid-catalyzed direct esterification [53–55].
However, the high water content in the sewage scum (TS = 10–25%wt) represents a sig-
nificant obstacle to biodiesel production at a commercial scale. The initial stages, from
the collection of the raw sludge to the dehydration and drying, are expensive processes,
which make the biodiesel production from sewage scum not economically feasible [56].
Furthermore, the subsequent extraction of the lipid fraction requires a significant amount
of organic solvent, thus increasing the manufacturing costs [57].

Lastly, the method typically known for biodiesel production from sewage scum is
based on homogeneous acid catalysts as H2SO4 [53–55]. Still, it is not competitive with
the conventional technologies from triglycerides under alkaline catalysis for a series of
drawbacks: (i) the recovery of the catalyst takes place only partially, and (ii) additional
steps are required for the purification of the final products. A new methodology was then
developed to successfully convert wastewater sewage scum into biodiesel, consisting of
four different steps [28]. The overall process is outlined in Figure 2. First, sewage scum was
heated at a temperature of 80 ◦C, with the lipid component was recovered by centrifugation
at 4000 rpm for 3 min (recoverability > 90%), without the addition of solvents or acids [29].
Subsequently, the lipid extract was activated by adding the stoichiometric amount of
formic acid (HCOOH) to calcium soaps (25–30%), thus obtaining their complete conversion
into FFAs [44]. Activated lipids (FFAs = 75–80%) were then efficiently converted into the
corresponding methyl esters by direct esterification using AlCl3·6H2O as a catalyst [45].

As a result, about 95% FFAs were converted into FAMEs with minimal reactants
under mild conditions (molar ratio FFAs:MeOH:catalyst = 1:10:0.02, 72 ◦C, 2 h). More-
over, the use of AlCl3·6H2O favored a convenient separation of products between the
two phases: the catalyst was recovered entirely, with the upper methanol phase along
with the water produced during the reaction, whereas the methyl esters were present
in the lower oily phase [45]. This resultant oily phase was recovered and pure FAMEs
(75–80%wt) were collected by vacuum distillation (Figure 2).

The proposed scheme for exploiting sewage scum for biodiesel production has proven
to be economically viable and applicable on an industrial scale. Nevertheless, the potential
of the lipid component has not yet been fully exploited. After the distillation process, a
residue was recovered (20–25%wt), which was analyzed by preparative chromatography.
The residue was mainly composed of: ME (50.3%wt), polar compounds (33.8%), FAMEs
(6.4%wt) and small quantities of Me-10-HSA (3.6%wt), Mineral oils (2.7%wt), Waxes
(1.8%wt), FFAs (1.0%wt) and Methyl-10-ketostearate (0.4%wt). ME already have a potential
market value as biolubricants [8–10]; however, to obtain a complete valorization of the
lipid component, a further improvement of the reaction by-products could help to improve
the economy of the overall process. For these reasons, the transesterification reaction of ME
with methanol for the synthesis of Me-10-HSA and FAMEs was investigated, by optimizing
the process parameters.
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Figure 2. Scheme of biodiesel synthesis and purification from sewage scum.

2.2. Optimization of Transesterification Conditions for the Conversion of ME into Me-10-HSA
and FAMEs

The conversion of ME into Me-10-HSA and FAMEs (according to the scheme reported
in Figure 1) was optimized using AlCl3·6H2O and HCl as catalysts. According to the
Box–Behnken experimental design described in Section 3.6 experiments were conducted
on the distillation residue to find the optimal reaction conditions and study the process
parameters’ effect in the transesterification reaction. Experimental and predicted values for
ME conversion at the design points are reported in Table 1.

A quadratic regression model was used to fit the experimental data, by obtaining the fol-
lowing relationships between factors and response for the two catalysts (Equations (1) and (2)):

ME conversion AlCl3·6H2O (%) = – 45.6167 + 11.6267C + 38.4455cat + 1.75413T+
+0.410478t – 1.01146C2– 34.8958cat2– 0.00761458T2– 0.00848126t2– 2.875Ccat+

– 0.030625CT + 0.0644231Ct + 0.203125catT + 0.0865385catt – 0.00134615Tt
(1)

ME conversion HCl (%) = 57.6733 + 10.5721C + 33.0761cat– 0.0389744T+
+0.684689t – 0.404167C2–10.4948cat2+0.00192708T2– 0.000690335t2– 2.4375Ccat+

– 0.054375CT + 0.00384615Ct– 0.034375catT–0.177885catt– 0.00442308Tt
(2)

The graphs between the predicted and the experimental ME conversion (%) reported in
Figure 3 show that expected values are similar to the observed values, therefore validating
the model’s reliability in establishing the correlation between the process variables and the
ME conversion.
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Table 1. Box–Behnken design matrix for the four independent variables and the experimental ME
conversion (%) using AlCl3·6H2O and HCl as catalysts.

E
Methanol

(mL)
Catalyst
(mmol)

Temperature
(◦C)

Time
(h)

ME Conversion (%)

AlCl3·6H2O HCl

Pred. Exp. Pred. Exp.

1 0 0 −1 −1 88.2 89.0 93.1 93.3
2 1 0 −1 0 94.2 94.5 86.2 84.3
3 0 1 −1 0 87.5 89.4 93.9 95.6
4 −1 0 −1 0 89.9 90.5 96.7 96.9
5 0 −1 −1 0 81.5 80.2 98.4 98.6
6 0 0 −1 1 85.3 84.3 89.3 88.6
7 0 1 0 −1 86.3 87.7 89.7 89.6
8 1 0 0 −1 95.2 94.7 95.4 95.3
9 0 −1 0 −1 94.5 92.8 95.2 96.3

10 −1 0 0 −1 87.2 87.7 96.7 96.9
11 a 0 0 0 0 92.9 93.4 95.3 95.5
12 −1 −1 0 0 87.7 86.6 99.9 98.1
13 1 1 0 0 97.1 97.9 94.8 93.3

14 a 0 0 0 0 89.9 90.5 99.6 99.7
15 1 −1 0 0 83.0 82.6 96.9 98.1

16 a 0 0 0 0 94.2 93.9 96.7 96.4
17 −1 1 0 0 89.3 89.2 98.7 98.5
18 0 −1 0 1 77.3 76.6 98.8 98.5
19 −1 0 0 1 80.7 82.7 98.3 98.1
20 0 1 0 1 97.2 97.5 94.8 93.3
21 1 0 0 1 86.7 85.3 97.0 96.2
22 0 0 1 −1 94.2 94.1 96.8 98.7
23 0 1 1 0 87.0 87.8 97.2 97.6
24 −1 0 1 0 94.3 95.4 99.3 99.0
25 0 −1 1 0 83.6 83.5 98.9 98.2
26 1 0 1 0 97.2 97.5 95.3 95.5
27 0 0 1 1 78.5 79.9 92.9 92.8

a Denoted as central points. Pred. = predicted values, Exp. = experimental values.

Figure 3. Cont.
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Figure 3. Predicted vs. experiment value for ME conversion (%) using (a) AlCl3·6H2O and (b) HCl
as catalysts.

Subsequently, the significance of each parameter was evaluated by the analysis of
variance (ANOVA) followed by Fisher’s statistical test (F-test) for linear, interaction, and
quadratic parameters in the second-order polynomial equations. In this work, the signif-
icance of the mathematical model adopted was associated with the p-value. A value of
0.05 was considered a suitable threshold with the corresponding significant parameters
highlighted with an asterisk. The model’s main statistics and the components of the fitting
equations are given in Tables 2 and 3.

Table 2. The ANOVA summary table for the conversion of ME into Me-10-HSA and FAMEs using
AlCl3·6H2O as catalyst.

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 731.455 14 182.864 14.02 0.0000 *
C 167.253 1 167.253 64.72 0.0000 **

cat 181.741 1 181.741 70.33 0.0000 **
T 272.653 1 272.653 105.51 0.0000 **
t 109.808 1 109.808 42.49 0.0000 **

Ccat 21.16 1 21.16 8.19 0.0143 **
CT 6.0025 1 6.0025 2.32 0.1534
Ct 11.2225 1 11.2225 4.34 0.0592

catT 10.5625 1 10.5625 4.09 0.0661
catt 0.81 1 0.81 0.31 0.5859
Tt 0.49 1 0.49 0.19 0.6710
C2 87.3001 1 87.3001 33.78 0.0001 **

cat2 166.259 1 166.259 64.34 0.0000 **
T2 49.4779 1 49.4779 19.15 0.0009 **
t2 10.957 1 10.957 4.24 0.0619

Total error 31.0092 12 2.5841
Total (corr.) 1018.31 26

R2 = 96.95% * p < 0.05 indicates model is significant. R2(adjusted for d.f.) = 93.39% ** p < 0.05 indicates model
terms are significant
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Table 3. The ANOVA summary table for the conversion of ME into Me-10-HSA and FAMEs using
HCl as catalyst.

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 236.882 14 59.2204 11.79 0.0000 *
C 82.6875 1 82.6875 35.10 0.0001 **

cat 86.4033 1 86.4033 36.67 0.0001 **
T 36.75 1 36.75 15.60 0.0019 **
t 31.0408 1 31.0408 13.17 0.0035 **

Ccat 15.21 1 15.21 6.46 0.0259 **
CT 18.9225 1 18.9225 8.03 0.0151 **
Ct 0.04 1 0.04 0.02 0.8985

catT 0.3025 1 0.3025 0.13 0.7263
catt 3.4225 1 3.4225 1.45 0.2513
Tt 5.29 1 5.29 2.25 0.1599
C2 13.9393 1 13.9393 5.92 0.0316 **

cat2 15.0379 1 15.0379 6.38 0.0266 **
T2 3.16898 1 3.16898 1.35 0.2687
t2 0.0725926 1 0.0725926 0.03 0.8636

Total error 28.2725 12 2.35604
Total (corr.) 347.365 26

R2 = 93.32% * p < 0.05 indicates model is significant. R2(adjusted for d.f.) = 90.46% ** p < 0.05 indicates model
terms are significant.

The p-associated values for the models adopted were less than 0.05, indicating that the
model used to describe the transesterification reaction of ME with methanol was statistically
significant. All linear parameters were substantial in the transesterification process. In
particular, it was noted that there was a considerable difference in the relationship between
the independent variables and their effects on the response variable (ME conversion) for
the two catalysts. Using AlCl3·6H2O as a catalyst, temperature showed the most significant
impact in the transesterification reaction followed by the amount of the catalyst, methanol
and reaction time (Table 2). Instead, in the case of HCl, the amount of catalyst and methanol
were the most significant variables with respect to temperature and reaction time (Table 3).
As for the other terms (interaction and quadratic parameters), only Ccat (the interaction
between the amount of methanol and catalyst), C2 (the quadratic term associated with the
methanol amount) and cat2 (the quadratic term related to the amount of catalyst) were
significant for both catalysts. Then, the goodness of fit of the models was checked by the
coefficient of determination R2. The value obtained of 0.9339 and 0.9046, respectively, for
AlCl3·6H2O and HCl in its adjusted form, confirmed the efficacy of the model adopted.

Finally, response surface plots were generated to investigate the influence of the process
parameters in the conversion of ME and identify the optimal experimental conditions
required for both catalysts. Figure 4a shows the combined effect of methanol and catalyst,
at a fixed temperature of 100 ◦C and a reaction time of 17 h. By increasing the amount
of methanol and catalyst, an increase of conversion of ME was observed: 95 and 100%,
were respectively obtained for AlCl3·6H2O and HCl with 5 mL of methanol and 1 mmol of
catalyst. In Figure 4b, the effect of the temperature with the reaction time was investigated
(methanol = 3 mL, catalyst = 0.6 mmol). In this case, the key role played by temperature in the
transesterification reaction for the two systems studied is clear. At 120 ◦C, for AlCl3·6H2O,
the transesterification process’s kinetic was particularly slow and long reaction times (30 h)
were required for the full conversion of ME. In contrast, the reaction was complete after
a few hours (4–6 h) using HCl. Figure 4c,d show the combined effect of temperature and
catalyst (methanol = 3 mL, time = 17 h) and reaction time and methanol (catalyst = 0.6 mmol,
temperature = 100 ◦C), respectively. These combinations of factors positively influenced the
conversion of ME, obtaining a value close to 100%.

125



Catalysts 2021, 11, 663

Figure 4. Response surface plot of the combined effects of: (a) methanol and catalyst amount (tempera-
ture = 100 ◦C, time = 17 h), (b) temperature and reaction time (methanol = 3 mL, catalyst = 0.6 mmol),
(c) temperature and catalyst (methanol = 3 mL, time = 17 h), (d) time and methanol (catalyst = 0.6 mmol,
temperature = 100 ◦C) for AlCl3·6H2O and HCl.

Based on these results, the optimal conditions were determined and directly applied
in the transesterification of ME with methanol. The results obtained are reported in Table 4.
Predicted responses are found to be in good agreement with the experimental results. In
detail, using AlCl3·6H2O as a catalyst (0.76 mmol), a ME conversion of 99.6% was obtained
at 115 ◦C after 30 h of reaction and 3.9 mL of methanol. Instead, the reaction catalyzed by
HCl (1 mmol) was much faster: a ME conversion of 99.8% was achieved at 120 ◦C with a
reduced amount of methanol (2.1 mL) after 4 h. In the absence of the catalyst, using the
highest amount of methanol (5 mL) at 120 ◦C, a ME conversion of only 3% was obtained,
confirming the efficiency of both catalysts.

Table 4. Results of the model validation under optimum conditions using AlCl3·6H2O and HCl
as catalysts.

Catalysts
Methanol

(mL)
Amount
(mmol)

Temperature
(◦C)

Time
(h)

ME Conversion (%)

Pred. Exp.

AlCl3·6H2O 3.9 0.76 115 30 99.4 99.6
HCl 2.1 1 120 4 100 99.8

Pred. = predicted values, Exp. = experimental values.
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The transesterification in methanol of stearyl stearate was also evaluated to compare the
different reactivity between HCl and AlCl3·6H2O vs. a fatty ester less congested sterically.

As can be seen from Table 5, for both the catalysts, a total conversion of stearyl stearate
in methyl stearate was obtained at 100 ◦C after 24 h. In the case of HCl catalysis, the
conversion is high even after 2 h at 70 ◦C (80%), showing a higher reaction rate than that
of AlCl3·6H2O, for which the conversion was only about 20%. Furthermore, regarding
AlCl3·6H2O, the results obtained clearly show that the amounts of methanol and catalyst
greatly influence the transformation of stearyl stearate. This different behavior could be
ascribed to the different strength of acidity among these two catalysts and the higher
steric hindrance related to the hexa-aquo complex of aluminum chloride [45]. In fact,
it was already demonstrated that the partial substitution of water coordinated to the
aluminum center in AlCl3·6H2O produces a mixed-aquo-alcohol complex, which acts as a
Brønsted acid.

Table 5. Stearyl stearate conversions under HCl and AlCl3·6H2O catalysis.

HCl AlCl3·6H2O

70 ◦C, 2 h 100 ◦C, 24 h 70 ◦C, 2 h 100 ◦C, 24 h

Conversion (%) 80 100 20 100

2.3. Analysis of the Reaction Products

Once identified the optimal experimental conditions required for the complete con-
version of ME, the organic phase was processed by column chromatography [28] and the
products obtained were isolated, analyzed and quantified (Figures S1–S8). Based on 100 g
of distillation residue, 28.2 g FAMEs and 32.3 g Me-10-HSA were respectively achieved. A
detailed analysis of the fatty acids (FAs) profile was carried out by comparing the chemical
composition of the methyl esters obtained with that of biodiesel previously recovered from
FAME distillation. The results are reported in Figure 5.

Figure 5. Comparison of FAs profile (%wt.) of methyl estolides and lipids extracted from sewage scum.

ME contained predominately oleic acid (C18:1) and linoleic acid (C18:2), totaling
73.9% of fatty acids present (AMW FAs = 276.8 g/mole). Instead, the distilled biodiesel
from sewage scum (Figure 2) showed nearly equal amounts of saturated fatty acid and
unsaturated fatty acid (AMW FAs = 266.8 g/mole) (Figure S9). This difference in FAs
profile can be attributed to a possible origin of estolides as reaction products between
10-HSA (obtained from the enantioselective microbial hydration of oleic acid [25]) the
subsequent esterification and/or transesterification with the oils and fats present in the
stream. Considering only the market value of biodiesel produced (EUR 0.8 kg−1 [58]), a
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potential gain of EUR 225 could be obtained for each ton of the sample treated, leading to a
further enhancement of sewage sludge to produce biofuels and biochemicals. However,
the greatest profits would be obtained from Me-10-HSA produced during the process.

A high enantiomeric excess (ee > 92%) of R-enantiomeric form was observed (Figure S10),
compound employed as the precursor to produce biochemicals, namely γ-(R)-dodecalactone.
Since its current market value ranges from EUR 800 to 3000 kg−1 [59], the economy of the
whole process would be greatly improved. As described above, the synthesis of 10-HSA
generally requires the use of enzymes. The use of HCl or AlCl3·6H2O as a catalyst not only
is significantly cheaper (EUR 0.8 kg−1 [60]), but in the case of AlCl3·6H2O at the end of its
use, it could potentially be used in WWTPs as a coagulant, further contributing to the overall
economy of the process.

3. Materials and Methods

3.1. Reagents and Instruments

All chemical reagents used in this work were of analytical grade and were used
directly without further purification or treatment. Hexane (C6H14, 99%), toluene (C6H6,
99%), methanol (CH3OH, 99.8%) and methyl heptadecanoate (C18H36O2, ≥99%) were
purchased from Sigma-Aldrich. Aluminum chloride hexahydrate (AlCl3·6H2O, 99%) was
obtained as pure-grade reagent from Baker. Ethanol (C2H5OH, ≥99.8%), diethyl ether
((C2H5)2O, 99%), formic acid (HCOOH, 99%), sulfuric acid (H2SO4, 98%), hydrochloric
acid (HCl, 37%) and potassium hydroxide (KOH, 85%) were purchased from Carlo Erba.

A Rotofix 32 Hettich Centrifuge was used for the centrifugation experiments.
Identification of ME, Me-10-HSA and FAMEs was carried out by gas chromatography-

mass spectroscopy (GC-MS) using a Perking Elmer Clarus 500 equipped with a Clarus
spectrometer. Quantitative determinations were performed using a Varian 3800 GC-FID.
Helium was used as a carrier gas with a flow of 1.3 mL min−1. Both instruments were
configured for cold on-column injections with a HP-5MS capillary column (30 m; Ø 0.32 mm;
0.25 μm film). The same temperature program was employed for the injector and the oven.
The initial temperature was set to 60 ◦C and kept constant for 2 min. Then, it increased to
300 ◦C with a 15 ◦C min−1 ramp and kept constant for other 20 min. The temperature of
detector (FID) was set to 300 ◦C. For GC-MS, the ion source was set to 70 eV and maintained
at 250 ◦C.

FTIR spectra were recorded by a Perkin Elmer FTIR Spectrum BX instrument using
KBr cells (neat compounds).

1H NMR spectra were recorded on a Bruker AV-400 spectrometer using the residual
solvent peak as a reference [61].

3.2. Sewage Scum

Sewage scum was collected from WWTPs of Bari West (240,000 Population Equivalent,
PE), located in South of Italy. Samples were immediately processed to avoid long storage
time (within two days, 4 ◦C) and characterized in terms of total solids, lipids, proteins,
cellulose, lignin and ashes [29].

3.3. Experimental Procedure for Lipids Characterization
3.3.1. Determination of FFAs and Soaps

FFAs were determined by titration of the acidity present with a 0.1 N KOH solution
and phenolphthalein (≥99%, Sigma-Aldrich) as an indicator. A total of 1 g of the sample
collected was previously dissolved into 150 mL of a 1:1 v/v diethyl ether:ethanol mix-
ture. Using the same experimental conditions, soaps were determined by titration with a
0.1 N HCl solution and methyl red (99%, Sigma-Aldrich) as an indicator.

3.3.2. Determination of Fatty Acids Profile and Average Molecular Weight

In a glass Pyrex reactor of 5 mL, 0.02 g of sample were dissolved with 2 mL of a
2:2:0.01 v/v/v toluene:methanol:concentrated H2SO4 solution. The system was closed
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and placed into an ultrasonic bath at 70 ◦C for 5 h. Then, 1 mL of methyl heptadecanoate
toluene solution (1000 ppm) was added as internal standard and the resulting solution gas-
chromatographically analyzed (1 μL). Average molecular weight (AMW) was determined
according to the following equation (Equation (3)):

AMW =
∑ AiMWi

∑ Ai
(3)

where Ai and MWi are the area and molecular weight of FFAs identified, respectively.
Then, FAMEs content (%wt.) was calculated respect to methyl heptadecanoate as follows
(Equation (4)):

FAMEs content =∑ Ai

Asdt
× msdt

msample
× 100 (4)

where Asdt and msdt are the area and the mass of standard (methyl heptadecanoate),
respectively, and msample is the amount of sample analyzed.

3.4. Extraction of Lipid Fraction from Sewage Scum and Chemical Activation

In a glass Pyrex reactor of 250 mL, 100 g of sewage scum were placed and closed.
The system was heated in an oven at 80 ◦C. After this thermal treatment, the sample was
rapidly centrifuged at 4000 rpm for 3 min by obtaining a three-phasic system consisting
of: (i) an upper organic brown oily phase, (ii) a lower phase of wet residual solid, and (iii)
an aqueous intermediate phase. The oily phase was recovered and stored at 4 ◦C for the
subsequent operations. The isolated product was mainly constituted by FFAs (51.7%wt)
and calcium soaps of fatty acids (30.4%wt). Then, the stoichiometric amount of HCOOH
respect to the calcium soaps was added (4.8 g for 100 g of raw lipids) and the activated
lipids recovered as clear oil, after centrifugation (4000 rpm, 1 min) at 80 ◦C [44].

3.5. Conversion of Activated Lipids into Methyl Esters of Recovery of Biodiesel Produced by
Distillation Process

Activated lipids extracted from sewage scum were converted into the corresponding
methyl esters, by direct esterification with methanol using AlCl3·6H2O as a catalyst [45]. The
reaction was carried out at 72 ◦C for 2 h with a molar ratio FFAs:MeOH:catalyst = 1:10:0.02.
At the end of the process, the reagent mixture was cooled to room temperature with the
formation of bi-phasic system consisting of: (i) a light methanol layer (in which the catalyst
was present) and (ii) a lower oily layer composed of methyl esters. The oily phase was
recovered, and the residual methanol removed under vacuum (60 ◦C, 700 mmHg). Finally,
biodiesel (75–80%wt, purity > 99%) was collected by subsequently vacuum distillation
(160–180 ◦C, 50 mm Hg). The distillation residue (20–25%wt) was instead recovered, dried
under nitrogen flow and analyzed by column chromatography [29], obtaining the chemical
composition reported in Table 6.

Table 6. Chemical composition of the distillation residue obtained after direct esterification of the
lipid fraction with methanol and recovery of biodiesel produced by distillation process.

Chemical Species Composition (%wt.)

Mineral oil 2.7
Waxes 1.8
FAMEs 6.4

Me-10-HAS 3.6
Methyl-10-ketostearate 0.4

Methyl estolides 50.3
Acids 1.0

Other polar compounds 33.8
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3.6. Transesterification Reaction of Methyl Estolides (or Stearyl Stearate) with Methanol

In a typical reaction, 0.1 g of sample (the distillation residue recovered in the previous
step, ME content = 50.3% or stearyl stearate) were placed with methanol (1 mL) and 0.2 mmol
of catalyst (HCl or AlCl3·6H2O) in a glass Pyrex reactor of 15 mL. The system was closed and
placed into a thermostatic bath at 80 ◦C for 4 h under agitation (250 rpm), using a magnetic
stirring. Then, it was cooled to room temperature and the residual methanol was removed
under nitrogen flow. Where it was possible, the catalyst was recovered by centrifugation
and the organic phase was analyzed by gas chromatography for the determination of
FAMEs content. Following the same procedure, Me-10-HSA and ME were also determined
with the calibration curves obtained from the pure product, previously isolated by column
chromatography [28].

Optimization of Transesterification Conditions

A three-step approach was used to investigate the effects of the process variables
in the conversion of ME into Me-10-HSA and FAMEs and maximize their yield [44].
Methanol (C) and catalyst (cat) amount, temperature (T) and reaction time (t) were selected
as independent variables (factors), while methyl estolides (ME) conversion was set as
dependent variable (response). The experimental range of the levels and the independent
variables considered in this study are presented in Table 7.

Table 7. Experimental range and levels of independent variables.

Variables Symbol
Range and Levels

Lower Level (−1) Center Level (0) Upper Level (+1) ΔXi
a

Methanol (mL) C 1 3 5 2
Catalyst (mmol) cat 0.2 0.6 1 0.4

Temperature (◦C) T 80 100 120 20
Time (h) t 4 17 30 13

a Step change values.

A total of 27 experiments (including three replicates for the center point), were used
for fitting a second-order response surface. The effects of factors on the response were
analyzed according to the following quadratic function (Equation (5)):

Y =β0 +
n

∑
i=1

βiXi +
n

∑
i=1

βiiX2
i +

n

∑
i=1

n

∑
i<j

βijXiXj (5)

where Y represents the ME conversion (%), Xi and XJ are the independent variables, β0, βi,
βij and βii are the offset term, linear, interaction, and quadratic parameters, respectively.
Statgraphycs® Centurion XVI was used for the regression analysis and the plot response
surface. Then, to verify the validation of the overall fit of the developed regression model,
the data obtained were processed by the analysis of variance (ANOVA). The adequacy
of the polynomial model to fit experimental data were expressed as R2 (coefficient of
determination) and in its adjusted form. The statistical significance of R2 was checked by
the F-test at a confidence level of 95%.

Finally, the optimization of reaction conditions was carried out using response sur-
face methodology (RSM) combined with the desirability function approach to form the
desirability optimization methodology (DOM) [45].

4. Conclusions

In this work, for the first time, an efficient method was proposed for the synthesis
of Me-10-HSA and FAMEs by direct conversion of methyl estolides isolated from sewage
scum. A response surface methodology was applied to investigate the effect of the process
variables on the methyl estolides conversion and maximize the final yield. AlCl3·6H2O
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and HCl were used as effective catalysts in promoting transesterification with methanol.
HCl is more active in promoting the transesterification of methyl estolides to produce
FAMEs and Me-(R)-10-HSA: a total conversion was in fact obtained already after 4 h. In
the case of AlCl3·6H2O, under similar reactive conditions, 20 h were necessary to achieve a
conversion of 99.4%. On the other side, AlCl3·6H2O is a solid catalyst, easy to manage and
less corrosive than mineral conventional acids [62]. AlCl3·6H2O-catalyzed reaction resulted
principally affected by temperature, whereas in the case of HCl, the amount of catalyst
and methanol were the most significant variables. The obtainment of Me-(R)-10-HSA,
in its (almost) pure enantiomeric form, increases the potential of sewage scum. For the
specific case of AlCl3·6H2O, the possible final use of the relevant residues in WWTPs as a
coagulant results in a new scheme of valorization of a special waste, namely sewage scum,
in which no secondary waste was generated. The transesterification of methyl estolides
could actually implement the scenario of the full valorization of sewage scum towards a
multi-products biorefinery. With the use of a limited number of reagents namely MeOH
and AlCl3·6H2O, and an integrated network of processes, biodiesel, methyl estolides, and
Me-(R)-10-HSA would be effectively obtained from sewage scum in a sustainable way.
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Abbreviations

Roman Letters
Ai Gas-chromatographic area of fatty acids detected
AlCl3·6H2O Aluminum Chloride Hexahydrate
Astd Area of standard (methyl heptadecanoate)
C Amount of Methanol
Cat Amount of catalyst (AlCl3·6H2O or HCl)
C2H5OH Ethanol
C18H36O2 Methyl heptadecanoate
CH3OH Methanol
(C2H5)2O Diethyl ether
C6H14 Hexane
C7H8 Toluene
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FAMEs Fatty Acid Methyl Esters
FAs Fatty Acids
FFAs Free Fatty Acids
HCOOH Formic acid
HCl Hydrochloric Acid
HFAs Hydroxy Fatty Acids
10-HAS 10-(R)-Hydroxystearic acid
H2SO4 Sulfuric acid
KOH Potassium hydroxide
msample Mass of sample analyzed
mstd Mass of standard (methyl heptadecanoate)
ME Methyl Estolides
Me-10-HAS Methyl 10-(R)-Hydroxystearate
MWi Molecular weight of fatty acids detected
T Temperature
TS Total Solids
T Time
Xi, Xj Independent variables
Y Dependent variable
Greek Letters
β0 Offset term
βi, βij, βii Linear, interaction, and quadratic parameters
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Abstract: To develop a method for the preparation of MgO nanoparticles, precatalyst synthesis from
magnesium nitrate with ammonia and calcination was performed in presence of PEG in air. Without
PEG, the catalysts are inactive. The conversion to hydroxide was performed using a PEG/MgO
molar ratio of 1, but, before the calcination, excess of PEG was either saved (PEG1) or increased
to 2, 3, or 4 (PEG 2–4). Catalysts were calcined at 400–660 ◦C and characterized using XRD, N2

adsorption-desorption, TGA, FTIR, and SEM. The FAME yield in the reactions with methanol depend
on the PEG ratio used and the calcination temperature. The optimal calcination temperature and
highest FAME yield in the 6 h reactions for catalysts PEG1, PEG2, PEG3 and PEG4 were 400 ◦C,
74%; 500 ◦C, 80%; 500 ◦C, 51% and 550 ◦C, 31%, respectively. The yield dependence on calcination
temperature for catalysts with a constant PEG ratio is similar to that of a bell curve, which becomes
wider and flatters with an increase in PEG ratio. For most catalysts, the FAME yield increases as
the size of the crystallites decreases. The dependence of FAME and the intermediate yield on oil
conversion confirms that all catalysts have strong base sites.

Keywords: heterogeneous catalysts; combustion; PEG; transesterification; biodiesel

1. Introduction

Biodiesel is one of the three main biofuels and is the main biofuel in the EU. The
European biodiesel market has been stabilized at around 10 million tons/year [1]. Biodiesel
is currently produced from high-quality vegetable oil (EU rapeseed oil) by transesterifi-
cation with methanol at 65 ◦C in the presence of a homogeneous basic catalyst using a
methanol/triglyceride molar ratio of 6/9. Reaction time does not exceed 1h. In parallel
with the production of biofuels from high-quality edible oils, there is a growing trend
towards the use of cheap and non-edible raw materials for the production of advanced
biodiesel [2]. The RED II Directive provides for a gradual transition for Member States
from conventional to advanced biofuels, with the following shares of energy consumption
in the transport sector: 0.2% in 2022, 1% in 2025, and 3.5% in 2030 [3]. The production
of advanced biofuels makes it possible to use local raw materials, including waste, and
to reduce the extremely harmful effects of the transportation sector on the environment
and climate.

Regardless of the raw material, the currently dominant acquisition process involves
esterification in the presence of a homogeneous catalyst, and has various significant drawbacks:

• The process can be carried out if the triglyceride does not contain more than 1–2% free
fatty acids (FFA);

• The separation of biodiesel from glycerol and glycerides is not fully realized;
• The quality of both biodiesel and the by-product glycerol is low and the treatment of

crude products polluting the environment is necessary;
• The catalyst material is not reusable and enters the product and the purification system;
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• The production of biodiesel from low-quality feedstock requires pre-treatment and
the resulting raw material has increased the content of free fatty acids (FFA), so the
use of homogeneous catalyst causes soap formation.

All the above-mentioned problems could be solved by using heterogeneous basic
catalysts [4,5]. The development of these catalysts was intensified by the RED II Directive
requirements, but the achieved results so far are unsatisfactory. Transesterification reactions
in the presence of active basic heterogeneous catalysts usually take place at 90–150 ◦C for
4–8 h [6,7]. The only heterogeneous catalyst developed by the AXENS corporation, which
has proven to be good and durable in industrial operations, works at a temperature of
190–220 ◦C and pressure of 40–70 bar [8]. As the currently dominant biodiesel production
technology is implemented at atmospheric pressure, it is not expected that developments
will take place in terms of the complexity of the production infrastructure and there is a
significant increase in production cost by using high temperature and pressure. Undoubt-
edly, the most promising direction of development in the industry is processing at low
temperature in the presence of more active and robust heterogeneous catalysts.

Biodiesel synthesis from triglyceride (TG) proceeds accordingly to the balanced sum-
mary equation (Equation (1)):

TG + 3 MeOH � 3 FAME + G (1)

where MeOH—methanol; FAME—mixture of fatty acid methyl esters (biodiesel); and
G—glycerol.

Reaction (1) consists of three reversible stages and proceeds with the production of
intermediates, such as diglycerides (DG) and monoglycerides (MG). In the presence of
homogeneous basic catalysts, reaction is initiated by generation of methoxide anion (2),
which attacks the carbonyl group of TG and causes fast FAME production without losing
the active anion intermediates:

MeOH + B− � MeO− + BH (2)

where B− are HO− or RO−.
All reactions are reversible, therefore, the partitioning of glycerol in the form of

separate layers is very important for shifting the equilibrium (1) to the right. In order for
the reactions to proceed rapidly and selectively, a necessary minimum B− concentration
must be maintained [9]. In the presence of basic heterogeneous catalysts, the mechanism
is considered to be similar, but the role of the base is to create strong base sites on the
surface of the catalysts. Similar to homogeneous catalysis, the reaction is initiated by
methoxide anion generation and the activity of the heterogeneous catalyst should be
determined by the density of the strong base sites on its surface [10–13]. Most of the
successfully investigated metal oxide basic catalysts for transesterification reactions belong
to the M(II)O group and are ionic. The surface of these catalysts is terminated by metal
cations and oxide anions (O2−), and contains different types of defects and environments
(kinks, steps, terraces), which play a determining role in the catalytic phenomenon [14].
Successfully tested catalysts for biodiesel production are BeO, MgO, CaO, SrO, and BaO [15].
From these, calcium oxide is favored as it is highly active, cheap, and eco-friendly [16].
Unfortunately, this catalyst is leached during reaction and loses its activity in contact with
air, it therefore cannot be considered as a prospective choice [15]. More stable and promising
is MgO, which is used in medicine as a catalyst and an adsorbent [17,18]. The polarizing
power of magnesium ion (3.9) is remarkably stronger than that of calcium ion (2.0), which
would make the building of strong base sites more difficult than in case of CaO [19].
This is confirmed by the high dependence of MgO catalyst activity on manufacturing
conditions [20]. Solution combustion synthesis of catalysts increases activity by employing
metal salts as oxidants and different organic compounds as fuels in order to use the heat
of the redox reaction [21–23]. The characteristic stages of catalyst synthesis according to
this method are: sol solution, viscous gel, dried gel, and calcined product preparation.
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The most active oxidants are nitrates, but their mixture with organic materials is explosive
and there are less prospective industrial uses. To prevent the explosiveness proceeding
the calcination stage, conversion from the nitrates to the hydroxides is widely used [17].
The present work is undertaken to investigate the synthesis of active MgO catalysts, and
avoiding explosion during calcination by replacing strong oxidants with a weak oxidant,
such as air.

2. Results and Discussion

2.1. Preparation of Catalysts and Their Characteristics

Magnesium salts, such as nitrate, sulfate, chloride, carbonate, acetate, and citrate,
are most often used as feedstocks for the synthesis of MgO. Often, these salts are not
used directly as a source of magnesium, but are converted into a magnesium hydroxide
precatalyst. This is based on the considerations that low-temperature decomposition of
magnesium hydroxide yields pure magnesium oxide. Thus, it is possible to perform
calcination without harmful gases. The addition of different organic compounds as fuels
before calcination prevents the formation of explosive mixtures. Thermal decomposition of
magnesium hydroxide is well investigated. Its low decomposition temperature (300–400 ◦C)
allows easy activation of the precatalyst [20,24]. As presented in Figure 1, the calcination
of Mg(OH)2 at 375 ◦C is sufficient for obtaining the polycrystalline cubic structure of
MgO nanoparticles.
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Figure 1. XRD patterns of PEG1, calcined at 375 ◦C for 3 h, obtained using Cu K-alpha radiation
(0.15406 nm).

The peaks at 37◦, 43◦, 62.4◦, and 74.7◦ correspond to (111), (200), (220), and (311) reflec-
tions, which reveal the formation of the polycrystalline structure of MgO nanoparticles [25].
No peaks from impurities were detected in the registered patterns. The sharp diffraction
peaks indicate the good crystallinity of the MgO products.

It is known that higher activity of catalysts is obtained when fuel and surfactants
are present in both precatalyst synthesis and in the activation stages [26–28]. During the
preparation of a precatalyst, PEG 6000 works as a surfactant, but during the calcination it is
as a surfactant and fuel. Our research shows that the presence of PEG during the synthesis
of the precatalyst in a molar ratio of MgO of 1 creates a small effect, but a further increase
in PEG shows no improvement up to 4. Therefore, in all cases, we performed the first
step using a molar ratio of PEG 6000 to MgO of 1. The presence of surfactant and fuel at
the calcination stage changes the structure and activity of the resulting catalyst and the
effect depends on the ratio to catalyst [28]. Thermal analysis up to 700 ◦C (Figure 2) of
precatalysts was performed to examine PEG 6000 effects in an inert atmosphere.

From the TG curves, it can be seen that samples PEG1 and PEG4 display a very notable
mass loss near 400 ◦C, which is related to the decomposition of PEG 6000. In the row
PEG1–PEG2–PEG3–PEG4, gradual changes in the TG curves occur, suggesting that the
calcination temperature at 400 ◦C would be sufficient to obtain active MgO nanoparticles.
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Figure 2. Thermogravimetric analysis of precursors of PEG1 and PEG4.

As shown in Figure 2, a slight weight loss is still observed in the temperature range
of 430 °C to 730 °C, which can be explained by the elimination of adsorbed carbonate
species [20].

The nitrogen adsorption–desorption isotherms and specific surface area, total pore
volume, the pore sizes of the catalysts are shown in Figure 3 and Table 1, respectively. All
catalysts have large pores with an average pore diameter of around 5 nm. As seen from
Figure 3, the isotherms of MgO are type IV with an H3 hysteresis loop.

Figure 3. Nitrogen adsorption–desorption isotherms of PEG2 calcined at 400 ◦C and 450 ◦C.

Table 1. Textural properties of MgO.

Catalyst
Total Surface

Area, m2/g
Pore Volume,

mL/g
Pore

Size, nm
FAME

Yield, %

PEG2 400 126.2 0.366 4.95 42.7

PEG2 450 85.7 0.319 4.98 73.9

As seen in Table 1, the change in the textural characteristics is small and the number
of performed experiments does not allow to draw conclusions about the effect of texture
on the activity of the catalysts.

Characteristic SEM images of the obtained MgO are presented in Figure 4. Two
different forms of aggregates dominate. These images indicate that the powder sample
is an agglomeration of nanoparticles. Irregular aggregated flake-like particles with a
rough surface represented the active catalysts, while MgO composed of many irregular
nanoparticles did not catalyze the interesterification reactions. A similar phenomenon, with
a significant morphological effect on the activity of catalysts or adsorbents, has also been
observed in other works [29,30]. The aggregation process with the formation of a unique
morphology may play a crucial role in ensuring catalytic activity.
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Figure 4. SEM image of active (left) and inactive (right) MgO catalysts.

2.2. Catalytic Performance

Initialization of the transesterification reaction proceeded according to Equation (2).
The catalytic activity of heterogeneous catalysts depends on the density of strong base
sites on the catalyst surface. This depends on the morphology, number, and types of
defects [10–13]. The presence of PEG improved MgO activity. Catalysts synthesized
without PEG under experimental conditions did not provide a FAME yield above 3%.

2.2.1. Effects of PEG Content and Calcination Temperature

To determine the effect of PEG content and calcination temperature on catalytic perfor-
mance, each PEG1–PEG4 precatalyst was calcined at a different temperature. As shown in
Figure 5, sharp maxima of the FAME yield were registered for the PEG1 catalyst at 400 ◦C,
for the PEG2 catalyst at 500 ◦C, for the PEG3 catalyst at 500 ◦C, and there was a flatter
maximum for PEG4 at 550 ◦C.

Figure 5. Effect of PEG content and calcination temperature on FAME yield in transesterification
reactions at 65 ◦C after 6h.

The repetition of individual points showed that the standard deviations of the FAME
yield of the PEG1 catalyst at 400 ◦C reached 15.5%. It also showed that the density of strong
base catalytic sites depends on more than just the calcination temperature. It was also
affected by minor changes in the calcination process, including air circulation, crucible
form, the volume of precatalyst in the crucible, and location in the muffle furnace. As the
combustion process proceeds by the reaction of fuel with oxygen in the air, this seems
understandable and requires a more precise process for providing airflow control. The
standard deviation of the results was lowered by increasing the PEG content, but a PEG
content above 3 lowered the activity. The shape of the distribution of the experimental
points from the calcination temperature for the catalyst with a constant PEG ratio is similar
to a bell curve and becomes wider and lower with an increase in PEG content. PEG2
provides the best catalysts.

The dependence of the activity of MgO catalysts on small changes in the manufacturing
process is well known and the safe production of an active MgO catalyst for practical use is
indeed a serious problem. Babak et al. concluded that unsupported MgO was not a suitable
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catalyst, but Li et al. showed that mesoporous-supported MgO catalyst only becomes
active at 220 ◦C [31,32]. At the same time, works on very high activity MgO catalysts have
been published [6,26,27]. The problem of MgO catalyst activity has been analyzed using
specific surface properties in the form of research and quantum mechanics calculation
methods. Di Cosimo et al. confirmed that the surface of the magnesium oxide catalyst
obtained by the calcination of magnesium hydroxide contains three types of sites with
different basicity: surface sites of strong (low coordination O2− anions), medium (oxygen
in Mg2+-O2− pairs), and weak (OH- groups) basicity [20]. Decomposition of Mg(OH)2 at
400 ◦C generates hydroxylated MgO, mainly containing strong O2− basic sites located in
surface defects, such as the corners and edges of the crystalline solid surface. An increase in
the calcination temperature removes the OH groups and also surface solid defects, creating
more stable structures that contains a higher concentration of medium-strength Mg2+-O2−
basic pair sites. Thus, an increase in the calcination temperature drastically decreased the
density of strong base sites and, to a lesser extent, that of weak OH groups, while it slightly
increased that of medium-strength base sites; therefore, a calcination temperature of 400 ◦C
seems to be optimal [20]. According to Montero et al., water and methanol chemisorb
preferentially over defects and edge sites over NanoMgO-700 through the conversion of
surface O2− sites to OH− and the coincident creation of Mg-OH or Mg-OCH3 moieties,
respectively [33]. According to this work, the best calcination temperature for magnesium
hydroxide would be 700 ◦C [33]. It could be considered that both publications indicate the
area fir the best calcination temperatures and the results for PEG catalysts, which narrow
this area to 400–600 ◦C (Figure 5).

According to Vedrine, the main role in creating of strong base sites is different for
different types of defects [14]. If this is so, then reducing the size of the crystallites should
increase the density of the defects and also catalyst activity. As follows from Figure 6, in
general, the FAME yield and, thus, the density of strong base sites, increase as the size of
the crystallites decreases. This could indicate an association between the defects of the
boundary surfaces of these crystallites with the number of strong basic centers.

Figure 6. Relationship between FAME yield and crystallite size. The main crystallite size is calculated
using (200) and (220) reflections using the Scherrer equation (Table S1).

However, two catalysts fall out of this relationship (PEG1, FAME content 22.5 wt.%
and PEG2, FAME content 73.9 wt.%), which confirms that the size of the crystallites does
not always determine the density of strong base sites, and other phenomena can rule
out these relationships. An unexpected decrease in catalyst activity could be caused by
partial blocking of the MgO surface with combustion products, or products resulting from
incomplete calcination. To determine if this was the case, FTIR spectra were recorded for
individual catalysts. The obtained FTIR spectra confirmed that not all catalysts have a
clean MgO surface (Figure 7), although XRD and SEM-EDS analyses did not indicate this.
Absorption bands near 1420 are assignable to magnesium carbonate or hydromagnesite [34],
which is not uncommon for oxide catalysts. Therefore, catalyst surfaces control, determined
with FTIR, should be included in determining the characteristics [35].
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Figure 7. FTIR spectra of active (PEG2 crystallite size 13 nm, FAME 73.5%) and inactive (PEG1
crystallite size 8 nm, FAME 22.5%) catalysts.

2.2.2. Strong Base Sites and Reaction Proceeding

In reality, reaction (1) proceeds in three reversible stages:

TG + MeOH � FAME + DG (3)

where DG are diglycerides,

DG + MeOH � FAME + MG (4)

where MG are monoglycerides, and

MG + MeOH � FAME + G (5)

where G is glycerol.
Chromatographic analysis shows that the main constituents of the obtained reaction

mixtures were FAME, MG, DG, and TG, if the amount of G did not exceed 1 wt.%. The
sum of these components was usually 97–100%, which allowed us to consider that the
amount of unknown by-product was insignificant. Assuming that the reaction mechanism
was provided by the same active sites in all cases, the change in the composition of the
reaction products depending on oil conversion should reflect the gradual realization of the
transesterification. As follows from Figure 8, the experimental points form logical curves
that confirm the presence of the same active sites in all cases.

Figure 8. Composition of reaction mixture as a function on the conversion of oil.
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The contents of MG and DG go through a maximum and approach zero above 95%
conversion. DG content reaches a maximum with oil conversion of about 55%. However,
the maximum content of MG was observed at an oil conversion of 70%. Up to 40% oil
conversion, FAME content increases relatively slowly. As oil conversion increases, FAME
content grows faster. In the conversion region, 40–80% FAME content increases at least
twice as efficient than below 40%. Most likely, this is due to changes in the reaction rate of
the reverse reactions caused by the gradual release of the glycerol in a separate layer.

3. Materials and Methods

3.1. Materials

Refined rapeseed oil was purchased from a local producer Iecavnieks & Co Ltd (Iecava,
Latvia). The average molecular weight of the oil was 896 g/mol, density–0.92 g/mL at
20 ◦C, saponification value–186.7 mg KOH/g, and acid value–0.12 mg KOH/g. The
percentages of fatty acids in the oil were: palmitic–4.1%, stearic–1.4%, oleic–62.5%, linoleic–
21.7%, linolenic–8.7%, arachidic–0.4%, and other fatty acids–1.2 wt.%. The content of MG
(monoglycerides) was 0.0 wt.%, DG (diglycerides)–0.4 wt.%, and TG–99.6 wt.%.

Magnesium nitrate hexahydrate, ammonia solution 25%, PEG 6000 and methanol
were supplied by Sigma-Aldrich (St. Louis, MO, USA). Materials for GC analysis—1,2,4-
butanetriol (96%) and MSTFA (N-Methyl-N-(trimethylsilyl)trifluoroacetamide (97%)–were
purchased from Alfa Aesar (Haverhill, MA, USA), tricaprin (98%)—from TCI Europe (2070
Zwijndrecht, Belgium), pyridine (99.5%)—from Lach-Ner (Neratovice, Czech Republic),
and dichloromethane (99.5%) was supplied by Chempur (Karlsruhe, Germany). Grade
1Whatman filter paper was supplied by Sigma-Aldrich.

3.2. Catalyst and Biodiesel Synthesis

Catalyst synthesis: 100 mL of 1M magnesium nitrate solution (25.6 g/100 mL) was
added to a 250 mL Erlenmeyer flask and 4.4 g of PEG 6000 was then dissolved. The obtained
mixture was stirred at 500 rpm for 1 h (homogenization stage N1). Then, it was filtrated
with a NH4OH (25% NH3 basis) solution in a burette to adjust the pH up to 10. The NH4OH
solution was dripped from the burette slowly in a drop-wise manner. After reaching pH 10,
the second homogenization process continued for 2h by stirring (homogenization stage
N2) and then hydrothermal treatment was performed by leaving the solution overnight.
The material obtained after centrifugation was suspended in 100 mL of PEG 6000 solution
(PEG1 4.4 g/100 mL; PEG2 8.8 g/100 mL; PEG3 13.2 g/100 mL and PEG4 17.6 g/100 mL)
using an ultrasound environment. Water was slowly removed using a rotary evaporator.
The obtained material was placed in oven at 80 ◦C for 5 h to remove excess water moisture.
The dried sample was placed in a crucible, which was placed inside a muffle furnace,
for calcination at the selected temperature for 3 h. The temperature of the furnace was
increased at the very slow rate of 1 ◦C·min−1 until the desired temperature of calcination
was attained. Fine amorphous MgO nanoparticles were prepared and collected.

Biodiesel synthesis: 0.64 g of MgO catalyst (7% by weight of oil) was added to a
100 mL round bottom flask containing 11 mL of methanol (methanol to oil molar ratio of
27). The mixture was allowed to reflux at 65 ◦C for 0.5 h at 600 rpm, using a hotplate with a
magnetic stirrer. Then, 10 mL of oil (10.3 mmol) diluted with 10 mL of co-solvent THF was
added and refluxed at 65 ◦C at 600 rpm for 6 h. The obtained product was allowed to settle
for 3 h. The crude biodiesel was separated from glycerol using a separating funnel. FAME
was filtered using Whatman filter paper and, after removing the THF and excess methanol,
stored in a glass container for analysis.

3.3. Catalyst Characterization

The samples were out-gassed at 150 ◦C for 24 h before measurements. The total surface
area was estimated using the Brunauer–Emmett–Teller (BET) method. Pore diameters were
derived from desorption isotherms using the Barrett–Joyner–Halenda (BJH) method.
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XRD analysis was performed using an X-ray diffractometer (Bruker AXS D8 AD-
VANCE, Billerica, MA, USA) in the range of 10–75◦ (2θ) with Cu K-alpha radiation
(0.15406 nm) and a step size of 0.02◦.

The surfaces of the catalysts were studied with a Tescan MIRA3 LMU (Tescan, Brno,
Czech Republic) scanning electron microscope. Prior to analysis, samples were coated with
a gold layer using an Emitech K550X sputter coater.

Universal attenuated total reflectance-Fourier transform infrared spectroscopy (UATR-
FTIR) was used for surface control of the catalysts. Measurements were carried out on a
PerkinElmer Spectrum 100 spectrometer connected to a Universal ATR Sampling Accessory. A
spectral range 650–4000 cm−1 was selected.

TGA analysis was performed using a thermogravimetric analyzer (PerkinElmer STA
6000). The heating rate was 10 ◦C/min and experiments were performed under a pure
nitrogen flow of 20 mL/min, supervised using a mass-flow controller.

3.4. Biodiesel Characterization

Analysis of all components from each sample of raw biodiesel was carried out by
using an Analytical Controls (Rotterdam, The Netherlands) biodiesel analyser, based on the
Agilent Technologies (Santa Clara, CA, USA) gas chromatograph 7890A. All compounds
were analyzed using DB5-HT column (15 m, 0.32 mm, 0.10 μm) under conditions similar to
those prescribed by standard EN 14105. Glycerol (G), monoglicerides (MG), diglicerides
(DG), triglycerides (TG), and FAME were quantified as in our previous report [36]. The
oven temperature was initially set to 50 ◦C for 5 min. Then, the temperature was first
increased to 180 ◦C at a rate of 15 ◦C/min, then, to 230 ◦C at a rate of 7 ◦C/min, and,
finally, to 370 ◦C at a rate of 10 ◦C/min. Helium was used as a carrier gas and the detector
temperature was set to 390 ◦C. The reaction mixture was characterized by the mass percent
content of the mentioned groups of compounds. The standard deviation for all analyzed
compounds was not higher than 0.5 wt.%, but FAME and TG were not higher than 0.9 wt.%.

All experiments were repeated triplicate in order to determine the variability of
the results and to assess experimental errors in GC analysis. Arithmetic averages and
standard deviations were calculated for all results. Statistical analyses were performed
using Microsoft Excel (2013). The yield of FAME was assumed to be equal to the wt.% of
FAME content in the reaction mixture after removing glycerol, methanol, and the co-solvent.

4. Conclusions

From the alkaline earth metal oxides, MgO can be considered as the most promising
catalyst for biodiesel synthesis. The chemical bond in MgO is less ionic than that in CaO,
which makes it more stable but poses problems in the formation of a high density of strong
base sites on the surface of nanoparticles to ensure a high catalytic activity. It is possible to
significantly increase the activity of MgO nanoparticles using PEG as a surfactant and fuel,
as well as with an optimal calcination temperature. FAME yield dependence on calcination
temperature for catalysts obtained in presence of a constant molar PEG/MgO ratio is like a
bell curve, the width, height, and position of which depend on that molar ratio. Increasing
the PEG/MgO ratio has an optimum catalyst activity at 2. With the presence of catalysts
PEG1, PEG2, PEG3, and PEG4, the maximum yield of FAME was achieved as 400 ◦C, 74%;
500 ◦C, 80%; 500 ◦C, 51%, and 550 ◦C, 31%, respectively. The narrowest zone of high activity
was for the PEG1 catalyst and the widest and flattest was for PEG4. The PEG2 catalyst
remaining the most prospective.

For most of the catalysts, the FAME yield increased as the size of the crystallites of
catalyst decreased. The use of FTIR spectra showed that deviations in this relationship may
be due to the retention of incomplete calcination products on the surface of MgO. FAME and
intermediate yield dependence on oil conversion confirmed that all catalysts had the same
types of strong base sites that were necessary for initialization of transesterification reactions.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12020226/s1, Table S1. Reaction products by using different
catalysts; Figure S1. XRD analysis of PEG1 catalyst Calcined at 400 ◦C; Figure S2. XRD analysis of
PEG2 catalyst Calcined at 400 ◦C.
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