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Preface to “Lignocellulosic Biomass”

In the last century, the production and energy sectors have been highly dependent on fossil
resources. Only in the last few years has the increase in oil prices and the environmental impact
caused by some processes of obtaining and using petroleum products motivated a change in the
thinking of the industrial sector and public organizations. Currently, more sustainable technologies
are gradually being incorporated to produce clean energy and bio-based products that serve as raw
materials for transformation or final use by consumers. This paradigm shift focuses on the use of
available natural resources for the implementation of more economical and environmentally friendly
production systems.

The origin of the concept of sustainable development is not up-to-date, as it was first defined in
the Brundtland report published in 1987 (“Our Common Future”, Brundtland, 1987) and has served
to nurture future policies such as the Montreal and Kyoto protocols, Agenda 21, the Millennium
Development Goals (MDGs), and more recently, the Sustainable Development Goals (SDGs). These
policies not only highlight the problem of energy supply and climate change, but the concept
of sustainability encompasses much broader implications, such as food, production processes,
agriculture, fisheries, and quality of life.

In this sense, lignocellulosic biomass is a valuable, renewable and undervalued source of
chemicals for use in the processing industry and can be used directly or indirectly for the production
of platform molecules or bioproducts through chemical, physical, microbial, or enzymatic treatments
and can also be used in sectors such as food, health, medicine, energy, materials, and the chemical
industry. In maintaining this process, the scientific community plays a very important role in
generating the basic knowledge that gives rise to technology and allows developments in the
laboratory to be transferred to society. The integral valorization of lignocellulosic biomass is a
fundamental pillar of sustainable development. Given the origin of this biomass, as well as its
composition, lignocellulosic biomass is a vast resource.

In creating this Special Issue, focused on the valorization of lignocellulosic biomass, we aim to

establish an invaluable source of information that will serve as a reference for other researchers.

Alejandro Rodriguez Pascual, Eduardo Espinosa Victor
Editors
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The use of lignocellulosic biomass as potential raw material for fractionation and trans-
formation into high value-added products or energy is gathering the attention of scientists
worldwide in seeking to achieve a green transition in our production systems. In this context,
the aim of compiling recent advances in this field has motivated this Special Issue.

Lignocellulosic biomass is a valuable renewable and undervalued source of chemicals
for use in the processing industry and can be used directly or indirectly for the production
of platform molecules or bioproducts through chemical, physical, microbial, or enzymatic
treatments and be used in sectors such as food, health, medicine, energy, materials, and
the chemical industry. In maintaining this process, the scientific community plays a very
important role in generating the basic knowledge that gives rise to technology and allows
developments in the laboratory to be transferred to society. The integral valorization of
lignocellulosic biomass is a fundamental pillar of sustainable development. Given the
origin of this biomass, as well as its composition, lignocellulosic biomass is a vast resource.

In this Special Issue, twelve original research articles and three research reviews
covering some of the most recent advances in lignocellulosic biomass fractionation and
conversion for different applications are reported. Three articles deal with the production
of biomass-derived biocomposites to replace oil-based products in different applications.
Ehman et al. [1] reported on the use of bio-polyethylene (BioPE), sugarcane bagasse pulp,
and two compatibilizers (fossil and bio-based) to produce biocomposite filaments for 3D
printing. They show the influence of bagasse fiber fraction on the mechanical properties
of the biocomposites as well as the reduction in CO,-equivalent emissions from replacing
fossil compatibilizers with a bio-based compatibilizers in a cradle-to-gate life cycle analy-
sis. Serra-Parareda et al. [2] studied the feasibility of incorporating barley straw fiber as
reinforcement in a bio-based polyethylene to develop a fully bio-based and 100% recy-
clable material. They analyze the efficiency of barley fibers by the addition of anhydride
maleic polyethylene as coupling agent to determine the flexural behavior of the material to
determine the suitability of the material for several applications. Karagiannidis et al. [3]
evaluated the use of micro-fibrillated cellulose (MFC) in waterborne adhesive systems
applied in the manufacture of composite wood-based panels. They test the potential of
improving the performance of wood-based panel types such as particleboard, waferboard,
or randomly-oriented strand board and plywood, by the application of MFC and the
substitution of conventional and non-renewable chemical compounds.

Five articles explore and develop the use of biomass-derived products as new indus-
trial alternatives for different applications. Ortiz et al. [4] designed and prepared fully
bio-based epoxy resins by combining epoxidized linseed oil, lignin, and bio-based diamine
derived from fatty acid dimers. They showed that as the lignin content in the resin increases,
the glass transition, the Young’s Modulus and the onset of thermal degradation increases.
This correlation is non-linear, and the higher the percentage of lignin, the more pronounced
the effect. All the components of the epoxy resin being commodity chemicals, the present
system provides a realistic opportunity for the preparation of fully biorenewable resins
at an industrial scale. Bascon-Villegas et al. [5] explored the use of horticultural plant
residues (tomato, pepper, and eggplant) as new sources for lignocellulose nanofiber (LCNF)
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isolation using two different pretreatments, mechanical and TEMPO (2,2,6,6-Tetramethyl-
piperidin-1-oxyl)-mediated oxidation, and followed by high-pressure homogenization.
LCNF were added as reinforcing agent in recycled paperboard and compared with conven-
tional mechanical beating. It showed that the addition of LCNF is a viable alternative to
mechanical beating, achieving greater reinforcing effect and increasing the products’ life
cycles. Szufa et al. [6] investigated the effect of biogas plant waste on the physiological ac-
tivity, growth, and yield of Jerusalem artichoke and the energetic usefulness of the biomass
obtained in this way after the torrefaction process. They achieved an increase in the calorific
value process from 15.82 to 22.12 MJ kg ! by this process. Nikolic et al. [7] investigated the
potential of kraft lignin as a support material for the removal of hydrogen sulfide (H,S)
from gaseous streams, such as biogas. The removal of H,S was enabled by copper ions
that were previously adsorbed on kraft lignin. They reported a removal capacity of 2 mg
H,S per gram of kraft lignin, and further studies in this technology being necessary to
increase the viability of this technology. Michel et al. [8] reported the modification with
B-cyclodextrin (3CD) of TEMPO-oxidized cellulose nanofibers (toCNF) samples with dif-
ferent carboxyl contents for biomedical applications. They reported covalent esterification
binding between (-cyclodextrin and toCNF under acidic pH by freeze-drying, showing an
interesting impact on the mechanical properties in the swollen state. This study is a step
towards the production of mechanically tailored cryogels containing cyclodextrin, making
them promising materials for the sustained delivery of active principal ingredients.

Three articles report novel advances in the use of biomass for the production of platform
molecules and their conversion into high value-added products. Padilla-Rascon et al. [9]
evaluated the conditions under which furfural concentration is maximized from a syn-
thetic, single-phase, homogeneous xylose medium. They performed the experiments in a
microwave reactor using FeCls and sulfuric acid as catalysts, showing the best operational
conditions for a 57% furfural yield production at 210 °C, 0.5 min, and 0.05 M FeCls. Oliva-
Taravilla et al. [10] investigated the use of four biosurfactants, namely, horse-chestnut escin,
Pseudomonas aeruginosa thamnolipid, and saponins from red and white quinoa varieties, on
the enzymatic saccharification of steam-pretreated spruce. They reported that the use of
biosurfactants improved hydrolysis up to 24%, showing the potential of biosurfactants for
enhancing the enzymatic hydrolysis of stem-pretreated softwood. Jiménez-Quero et al. [11]
explored the optimization of solid-state fermentation (SSF) with lignocellulosic biomasses
using Aspergillus terreus and Aspergillus oryzae to produced itaconic and fumaric acids.
A. oryzae on corn cobs at specific conditions showed the best yield in acid production,
achieving 0.05 mg of itaconic acid and 0.16 mg of fumaric acid per gram of biomass after
48 h in a large-scale fermentation process.

One of the articles present a novel protocol for the modification of dialdehyde cellulose
(DAC) by silanization processing. Lucia et al. [12] presented a straightforward protocol,
which meets common green chemistry principles, for the direct silanization of DAC,
one of the most recently developed and studied cellulose derivatives, describing the
direct silanization of DAC with (3-aminopropyl)triethoxysilane (APTES), through thermal
treatment and freeze-drying.

Three review papers complete this Special Issue. The first one summarizes the evo-
lution, year by year, of the development of the "lignin first" biorefinery approach [13]. A
compact summary of achievements, future prospects, and remaining challenges is pro-
vided in this review. The second one outlines the possibility of applying known biorefinery
processes to banana agro-industrial residues to generate high-value products from this
residual biomass source [14]. It details information on the Central and Latin American
context of this residue and the advantages of its use as raw material for the production of
different biofuels, nanocellulose fibers, different bioplastics, and other high value products.
The last review addresses the current knowledge on the electrochemical conversion of
bio-based chemicals, particularly saccharides, to commodity chemicals [15]. Both oxidation
and reduction pathways are shown with the most recent examples. Further recommen-
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dations are reported about the research needs, choice of electrocatalyst and electrolyte, as
well as upscaling the technology.

Given the diversity of the contributions, it is evident that a multidisciplinary approach
is needed to continue advancing the development of technologies and processes for the
valorization of lignocellulosic biomass. There are still significant barriers to be overcome in
order to achieve a complete transition of our production systems, from a petroleum-based
economy to a bio-based economy. It is therefore expected that this field will be of particular
relevance in the coming years. Finally, the guest editors would like to sincerely thank all
the authors for their valuable contributions.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Currently, valorization of lignocellulosic biomass almost exclusively focuses on the
production of pulp, paper, and bioethanol from its holocellulose constituent, while the remaining
lignin part that comprises the highest carbon content, is burned and treated as waste. Lignin has a
complex structure built up from propylphenolic subunits; therefore, its valorization to value-added
products (aromatics, phenolics, biogasoline, etc.) is highly desirable. However, during the pulping
processes, the original structure of native lignin changes to technical lignin. Due to this extensive
structural modification, involving the cleavage of the 3-O-4 moieties and the formation of recalcitrant
C-C bonds, its catalytic depolymerization requires harsh reaction conditions. In order to apply mild
conditions and to gain fewer and uniform products, a new strategy has emerged in the past few years,
named ‘lignin-first” or ‘reductive catalytic fractionation’ (RCF). This signifies lignin disassembly prior
to carbohydrate valorization. The aim of the present work is to follow historically, year-by-year,
the development of ‘lignin-first’ approach. A compact summary of reached achievements, future
perspectives and remaining challenges is also given at the end of the review.

Keywords: lignocellulose valorization; ‘lignin-first’; reductive catalytic fractionation

1. Introduction

Plant cells’” composite material is lignocellulose, which mainly consists of cellulose, hemicellulose,
and lignin and in total accounts for ca. 90% of dry matter of land-based biomass. Depending on its
origin, lignocellulose can be divided into three main categories—i.e., softwood, hardwood, and grass.
In fact, the lignin content is highest in softwood, followed by hardwood and lowest in grasses [1,2].

Cellulose and hemicellulose are both polysaccharides, differing in building units, degree of
polymerization and morphology. Lignin is a complex aromatic biopolymer built up from three
monolignols: p-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol (Figure 1). These monolignols
differ in the number of methoxy groups (none, one, and two) attached to the aromatic ring and make
up the three key lignin units (H (hydroxyphenyl), G (guaiacyl), and S (syringyl), respectively). G units
constitute approximately 90-95% of softwood lignin, whereas 25-50% of G and 50-75% of S units are
typically found in hardwood lignin. Because the coupling of the monolignols is a process involving
radicals, there are many possible linkages between the sub-units, involving different C-C and C-O
bonds with certain linkages being more prevalent than others. A typical linkage in both softwood
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and hardwood lignins is the 3-O-4 ether bond (Figure 1), approximately reaching half of the lignin
in softwood and more than 60% in hardwood. Hardwood lignin contains less C-C linkages than
softwood, because the additional methoxy groups on the aromatic rings, mainly in the S units, prevent
their formation [1,2].

(Reductive) Catalytic Fractionation

Lignocellulose

Emerging intermediates

Functionalization

Lignin-derived
chemicals

Defunctionalization

Lignin
extraction

Catalytic

depolymerization
>
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\\

N
s & HO- 0, HO-
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- o o
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oV toon %
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Coniferyl alcohol
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—

Herbaceous §

o
SO
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Hardwood |

o

o F OH

Sinapyl alcohol [S-unit]

Hemicellulose Common Linkages Monolignols

Figure 1. General strategies for lignocellulose valorization and application of lignin-derived platform
chemicals with representative lignin structure displaying typical lignin subunits and linkages.

Currently, only the cellulosic part of lignocellulosic biomass is used effectively as feedstock for
the pulp and paper industry and as precursor of second-generation bioethanol. Traditionally, lignin
is isolated from lignocellulosic biomass by fractionation in the pulp and paper industry (route a
in Figure 2) and by fermentation in biorefineries producing cellulosic ethanol (route b in Figure 2).
Pulping methods result in structurally heavily modified lignins (route a in Figure 2), while enzymatic
lignin displays mild structural modification (route b in Figure 2) [3]. The chemical structure of native
lignin is altered during conventional lignocellulose fractionation methods: ether bonds (3-O-4 and
4-O-5 in Figure 1) are cleaved and new stable C-C linkages are formed, resulting in more condensed
and unreactive technical lignins [4]. Therefore, essentially under pulping conditions lignin undergoes
structural rearrangement leading to the formation of unnatural C-C bonds [5]. High-yield lignin
depolymerization methods are limited by the presence of these linkages formed during lignin extraction
as well as the interunit carbon—carbon bonds within native lignin [6].

Several methods have investigated the catalytic conversion of recalcitrant lignins obtained from
the pulp and paper industry, generally requiring harsher reaction conditions in order to achieve feasible
product yields [2,3,5,7-9]. On the other hand, lignins obtained upon milder enzymatic digestion would
lead to higher aromatic monomer yields, after catalytic depolymerization [1,10,11]. Many studies
focusing on catalyst development for lignin depolymerization have used organosolv lignins prepared
in the respective laboratories, using different fractionation procedures, which in terms of severity would
fall between the industrial pulping conditions and enzymatic digestion [2,3,5,7]. Lignin valorization
leads to value-added products such as biofuels, macromolecules (carbon fiber, polyurethane) and
aromatics (BTX, monophenolic compounds) [12]. Functionalized lignin monomers can be regarded as
perspective lignin-derived platform chemicals, from which emerging intermediates can be produced
leading to pharmaceuticals, fine chemicals, polymers, and fuels. The other groups are drop-in chemicals
with an existing market platform leading to bulk chemicals (Figure 1) [13].
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Figure 2. Types of lignocellulose valorization processes. (A) Harsh (pulping) fractionation. (B) Mild
(enzymatic) fractionation. (C) One-step reductive catalytic processing. (D) Reductive catalytic
fractionation (RCF).

Other approaches that emerged for the valorization of the whole lignocellulose are methods,
which allow for the catalytic conversion of all constituents of lignocellulose, simultaneously. During
these processes, product mixtures of cellulose as well as lignin are generated. For example, complete
conversion of all lignocellulose components to lignin monomers and C,—-Cg alcohols and/or alkanes is
also possible by one-step reductive catalytic processing (route c in Figure 2) [3,13].

A method that emerged as alternative to lignin valorization is the so-called ‘lignin-first” process.
Already, several excellent reviews have discussed this powerful strategy [3,5,14-20]. Dubbed
"lignin-first’, this approach considers the catalytic conversion of lignin during biomass fractionation,
in other words solvolytic extraction of lignin accompanied by instant lignin depolymerization and
predominantly reductive stabilization of reactive intermediates (route d in Figure 2) [4]. This approach
is also called ‘early-stage catalytic conversion of lignin’ (ECCL) [14] or, when using a metal catalyst
under reductive atmosphere, as 'reductive catalytic fractionation’ (RCF) [15]. The extraction and
immediate catalytic conversion of lignin to monomers by these methods from lignocellulose directly
in the presence of a catalyst, usually under reductive conditions, results in higher yield of aromatic
monomers due to the higher presence of cleavable C-O linkages and less C-C linkages [3]. RCF is
also a two-step process, extracting lignin from whole biomass with a polar-protic solvent, and then
selectively cleaving C-O ether bonds using a hydrogen donor and a heterogeneous catalyst. As a
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result, the process yields a depolymerized lignin oil rich in phenolic monomers, dimers, and oligomers,
next to a solid carbohydrate pulp, which is amenable to further valorization. The most common
solvents are alcohols (mainly methanol) and water/organic solvent mixtures such as water/dioxane
and water/ethanol. The hydrogen donor can be pressurized hydrogen gas or can originate from the
solvent or from the lignocellulose itself [16]. Generally, nickel or noble metal catalysts are used.

Different pathways and mechanisms have been proposed for the RCF process. The key steps in all
cases are solvolysis as well as hydrogenolysis of ether bonds, removal of benzylic OH-groups (OH),
and possible removal of OH, -groups. These primary reactions lead to the formation of substituted
methoxyphenols and small oligomeric fragments. Additional hydrogenation of alkenyl and carbonyl
groups, as well as hydrogenolysis, can take place (secondary reactions) [14,16,21].

A detailed overview of RCF processes is presented in Figure 3 and discussed fully in the paper of
Rinaldi et al. [21]. The lignin fragments present in the liquor are prone to several types of reaction.
Under pulping conditions lignin fragments undergo recondensation, into technical lignins containing
strong C-C bonds [14]. The main difference between pulping (route a in Figure 2) and these processes
(routes ¢ and d in Figure 2), is that in the latter two, catalytic processing of lignin happens in its native
form in conjunction with fractionation, or parallel to cellulose processing. Under these conditions,
reactive fragments or intermediates that originate during pulping immediately undergo stabilization
(typically by hydrogenation see Figure 3) to form more stable molecules. Possible lignin-derived
monomers obtained thus far from routes ¢ and d combined (Figure 2) are collected in Figure 4.

Species dissolved in the liquor: \ Hydrogenation catalyst:

- ) Lignin fragments
- Recondensation of lignin oligomers \\ eI Reductive processes: gb ilised
\ {organosolv Hydi lysis of B-eth stabilised against
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Figure 3. Schematic representation of chemical processes involved in the ‘lignin-first’ biorefining. For

clarity, hemicellulose sugars and their degradation products were omitted.

The aim of this review is to follow historically the development of ‘lignin-first’ approach with
inclusion of one-pot reductive catalytic depolymerization of all lignocellulosic components in the
scientific literature. The number of these publications has increased significantly in the past years,
new ideas emerged, and some novel methods were developed.
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Figure 4. Main lignin monomeric products with functionalized sidechains, the date of their first
isolation from lignocellulose as main product, typical catalysts, and additives with added hydrogen or
hydrogen donors applied in the process, and literature references. For simplicity, guaiacols are not
shown if the same syringol derivatives exist as main product. The detailed process characteristics and
monomer yields of each individual study can be found in Table 1.

2. Chronological Overview

2.1. From 1940 to 2014

Originally, high pressure hydrogenation and hydrogenolysis of wood dates back to the 1940s with
the aim of clarifying lignin structure [19]. Various woods (maple, aspen, spruce) were hydrogenated
using copper-chromite, Raney-Ni, Pd/C, or Rh/C catalysts in dioxane(/water) solvent (mixture) under
various conditions (173-280 °C, 35-333 bar Hj, 5-20 h reaction time) resulted in 17-59 wt % monomer
yields with 4-propylcyclohexanol (1940) [22], 4-ethylsyringol (1948) [25], 4-propylsyringol (1963) [26],
4-propanolguaiacol (1966) [27], and 4-propanolsyringol (1978) [30] as main products (entries 1-11 in
Table 1 and Figure 4) [22-32]. Under harsh reaction conditions (250280 °C, 240-333 bar H; pressure)
not only saturation of the benzene ring occurred, but also hydrogenation and hydrogenolysis of the
holocellulose part took place [5,22-24]. The 4-n-propylphenol nature of the lignin monomers was
confirmed in these early studies [5]. The efficiency of various (Ni, Pd, Rh, and Ru) catalysts was
compared for the hydrogenolysis of spruce wood under mild reaction conditions (195 °C, 35 bar
Hy), the Pd/C catalyzed reaction gave the highest (16%) 4-propanolguaiacol yield, and the highest
monomeric yield (34%) was obtained when Rh/C was used [5,28]. An increased monomers yield was
demonstrated when softwood was replaced by hardwood [30], and hydrogen pressure did not affect
the yield [31]. The increased monomers yield of hardwood can be explained by its higher S to G ratio
compared to softwood, and therefore less C-C bonds, as was explained in the introduction.

Later, (1993-2011) new feedstocks (rice husks [33], birch [34], pine [35]) and catalysts (polyvalent
metals [33], H;PO,4 + Pt/C [34]) were tried in the dioxane(/water) solvent (mixture) under similar
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conditions and similar main products (4-propylsyringol and 4-propanolguaiacol) with comparable
monomer yields (22—46 wt %) were gained (entries 12-14 in Table 1 and Figure 4). Four catalysts
(Ru/C, Pd/C, Rh/C, and Pt/C) were tested for birch treatment and the monomer yields depended on the
applied conditions: the total yield of monomers was 34% over the Pt/C catalyst, it was improved to
38% with addition of acid (H3POy), the addition of dioxane further improved the yield to 46% [34].
The effect of additives was demonstrated in this work. Beside dimeric and oligomeric products,
4-propanolguaiacol was produced as a monomeric product almost exclusively in the Pd/C catalyzed
hydrogenolysis of Pinus radiata wood [35]. Birch was converted in new solvents (ethylene glycol [36],
methanol [37], ethanol/water mixture [38]) over new catalysts (Ni-W,C/C [36], Ni/C [37]) with high
(47-54 wt %) monomer yields. Two processes [37,38] did not require addition of external hydrogen,
alcohol solvents provided the active hydrogen species. One major monomeric product was generated
in some processes (entries 12, 14, and 17 in Table 1) and a new one (4-propenylsyringol) appeared in
2014 (Figure 4) [33,35,38].

In 2012, Zhang and co-workers [36] described the direct conversion of birch over a Ni-W,C/C
catalyst in a one-pot one-step reductive catalytic depolymerization process: the carbohydrate
fraction was converted to ethylene glycol and other diols with a total yield of 76%, while the
lignin component was transformed selectively into monophenols with a yield of 47% (entry 15 in
Table 1 and 18% 4-propylsyringol in Figure 4). Different feedstocks, solvents and catalysts were tested.
Hardwood, compared to softwood, led to a better conversion of both lignin and carbohydrates as
expected. Replacing the original water solvent to methanol and later to ethylene glycol resulted
increasing monophenol yields. Using a Pd/C catalyst led to the highest selectivity (56%) towards
4-propanolsyringol. This method uses high pressure (60 bar) hydrogen gas due to the complete
conversion of all lignocellulose components (route c in Figure 2) [36].

In 2014, Ferrini and Rinaldi [39] realized that lignin was released solvolytically from the plant cell
by simply “cooking” wood in the presence of Raney-Ni in 2-propanol (2-PrOH)/H,0) and partially
depolymerized lignin, a non-pyrolytic lignin bio-oil was produced in addition to pulps that are
amenable to enzymatic hydrolysis. The suspension of wood pellets, Raney Ni catalyst and aqueous
solution of 2-propanol was heated under mechanical stirring (e.g., at 180 °C for 3 h) and 25 wt % lignin
oil and 71 wt % pulp were produced (entry 18 in Table 1). The lignocellulosic feed was processed in the
absence of molecular hydrogen and acetone generated by the hydrogen transfer can be hydrogenated to
2-PrOH. The holocellulose fraction or pulp (i.e., cellulose and hemicellulose) was isolated by filtration
and washed with the 2-PrOH/water solution. Raney Ni was removed from the suspension with a
magnet. Finally, the non-pyrolytic lignin bio-oil was isolated by solvent removal from the extracting
liquor. This lignin oil is readily susceptible to further hydroprocessing (hydrodeoxygenation) under
low-severity conditions. The complexity of the low-molecular weight lignin product mixture is a
disadvantage, but the autogenous hydrogen usage and lignin-only conversion are advantages of
this method. The pulp (holocellulose) is suitable for the production of glucose and xylose through
enzymatic hydrolysis [39].

2.2. 2015

Lignin-first biorefineries were described in two works in 2015. Abu-Omar et al. [40] presented
a selective hydrogenolysis of poplar wood with bimetallic Zn-Pd/C in methanol with external Hj,
focusing on the lignin monomers (30% 4-propylsyringol and 24% 4-propylguaiacol) and the enzymatic
conversion of the retained pulp to glucose in 95% yield (entry 19 in Table 1). Sels et al. [41] presented
reductive lignocellulose fractionation of birch sawdust through simultaneous solvolysis and catalytic
hydrogenolysis in the presence of Ru/C in methanol under hydrogen at 250 °C resulting in carbohydrate
pulp and lignin oil. The thermal and solvolytic disassembly of lignin (delignification) was immediately
followed by the reductive stabilization of lignin’s most reactive intermediates into soluble and stable
low-molecular-weight phenolic products. This fractionation strategy was denominated as a ‘lignin-first’
biorefinery, as the valorization of lignin to chemicals was performed before carbohydrate processing.
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The lignin oil yields above 50% of phenolic monomers (mainly 4-propylguaiacol and 4-propylsyringol)
and about 20% of a set of phenolic dimers, relative to the original lignin content, next to phenolic
oligomers. The separated carbohydrate pulp contains up to 92% of the initial polysaccharides (entry 20
in Table 1).

In a patent in 2015, Sels et al. described an interesting biorefinery concept for the direct production
of light naphtha (hexane, pentane, methyl cyclopentane, cyclohexane, etc.) for converting lignocellulose
in the presence of an acidic reactive aqueous phase and a redox catalyst (Ru/C + HyS5iW1,040) in the
organic extracting/reaction phase (entry 21 in Table 1) [42]. The products are useful as feedstock for
steam and catalytic cracking, as precursors for the synthesis of bioaromatics, and as fuel additives.
Another one-pot lignocellulose conversion into gasoline alkanes and monophenols was published
by Ma et al. [43]. Raw biomass feedstocks (pine, corn, wheat, rice, etc.) were processed with
Ru/C + LiTaMoQg catalysts in phosphoric acid and pentanes and hexanes were produced from the
carbohydrates with up to 82% total yield and monophenols, related alcohols and hydrocarbons from
the lignin fraction. Partial hydrocracking of the monophenol fraction was suggested (entry 22 in
Table 1).

Propylphenolics and propanolphenolics are the most abundant main lignin monomeric products
using Ru/C + H; and Pd/C + H; catalytic systems, respectively, as shown in Figure 4. Accordingly,
changing the catalyst from Ru/C to Pd/C drastically increased the OH-content of the phenolic monomers
(entry 23 in Table 1) [44], and the solvent choice (methanol and ethylene glycol) has an impact on both
pulp retention and delignification efficiency [45]. Reductive catalytic fractionation (RCF), as a new
expression, was used first (2015) in the latter paper [45]. The effect of substrate and catalyst loading
was studied over Ni/C catalyst in methanol: birch resulted higher monomer yields than poplar and
eucalyptus, while higher catalysts loading caused higher monomer yields due to the presence of more
hydrogen produced from methanol reforming [46].

As an example of metal-free catalytic systems (entry 26 in Table 1), the acid-catalyzed degradation
of cedar and eucalyptus wood samples in a toluene-methanol solvent mixture resulted in selective
production of lignin monomers, homovanillyl aldehyde dimethyl acetal and homosyringaldehyde
dimethyl acetal (by 2015 in Figure 4), due to the trapping of enol intermediates with alcohol [47].

2.3. 2016

Luterbacher et al. reported that adding formaldehyde during biomass pretreatment followed
by reductive depolymerization of this stabilized lignin over Ru/C as catalyst in methanol, produced
guaiacyl and syringyl monomers at near theoretical yields (78 mol% for poplar) during hydrogenolysis
(entry 27 in Table 1). These yields were three to seven times higher than those obtained without
formaldehyde, which prevented lignin condensation by forming 1,3-dioxane structures with lignin
side-chain hydroxyl groups [6].

In 2016, the utilization of hemicellulose as a hydrogen donor for the reductive lignin transformations
and the separation of biomass into three main components: solid carbohydrate residue (mainly
cellulose), liquid bio-oil (mainly lignin monomers and oligomers), and water-solubilized sugars
(originating mainly from hemicellulose) emerged as a new idea [48]. Usage of Zn! as a co-catalyst
beside Pd/C increased the selectivity toward 4-propylsyringol and 4-propylguaiacol production (entry
29 in Table 1) through removal of the hydroxyl group at the Cy position of the 3-O-4 ether linkage [49].
All three major components of Miscanthus biomass (lignin, cellulose, and hemicellulose) were effectively
(with 55% overall conversion) utilized into high value chemicals with mass balance of 98% using a
Ni/C catalyst over 68% yield into four phenolic products from lignin (entry 30 in Table 1) [50].

Bruijnincx et al. described a tandem catalysis process for ether linkage cleavage within lignin,
involving ether hydrolysis by water-tolerant Lewis acids (metal triflates) followed by aldehyde
decarbonylation by a Rh complex (entry 31 in Table 1) [51]. In situ decarbonylation of the reactive
aldehydes limited loss of monomers by recondensation, and surprisingly 4-(1-propenyl)phenols
(4-propenylsyringol for poplar) were the main monomeric products (Figure 4). Hensen et al., also used
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metal triflate (Yb(OTf)3) catalysts for rapid cleavage of the chemical bonds between lignin and
carbohydrates combined with Pd/C hydrogenolysis catalysts and 36—48% aromatic monomer yields
(4-propanol derivatives, entry 32 in Table 1) were reached from different woods in the tandem
process [52]. Xu et al. efficiently hydrogenated beech to natural phenolic alcohols (4-propanolsyringol
and 4-propanolguaiacol) with 51% total yield using Ni/C catalyst in a methanol-water co-solvent (entry
33 in Table 1) [53]. Breaking the intramolecular hydrogen bonds in lignin (3-O-4 motifs accelerated the
Cp-O cleavage, maintaining the original structure of lignin [53].

Roman-Leshkov et al. investigated the RCF of corn stover using Ru/C and Ni/C catalysts and
H3POy cocatalyst in methanol at 200 and 250 °C [54]. The monomer yields increased up to 38% as a
function of time, with the addition of acid cocatalyst, and methyl coumarate/ferulate (2016 in Figure 4)
were the main products (entry 34 in Table 1). Clear trade-offs existed between the levels of lignin
extraction, monomer yields, and carbohydrate retention in the residual solids [54].

The influence of acidic and alkaline additives was studied on the Pd/C-catalyzed reductive
processing of poplar wood in methanol: under acidic (H3POy) conditions both delignification (to
4-propanolsyringol/guaiacol as main monomeric products, entry 35 in Table 1) and alcoholysis of
hemicellulose are promoted, leaving behind a cellulose-rich pulp, alkaline (NaOH) conditions also
enhanced delignification, but other lignin products (Cy-substituted phenolics with loss of hydroxyl
groups) were formed, lignin depolymerization was hampered, and cellulose loss was found in the
pulp [55]. Synergetic effects of alcohol/water mixing were studied under similar conditions but without
acid/alkaline addition in another paper. Low (30 vol %) water concentrations enhanced the removal of
lignin from the biomass, while the majority of the carbohydrates were left untouched, high (70 vol %)
water concentrations favored the solubilization of both hemicellulose and lignin, resulting in a cellulosic
residue of higher purity [56].

2.4. 2017

The tandem metal triflate and Pd/C catalysis was further investigated by the Hensen group in
2017. Metal triflates were involved in cleaving not only ester and ether linkages between lignin and the
carbohydrates, but also 3-O-4 ether linkages within the aromatic lignin structure. Pd/C is required for
cleaving x-O-4, 4-O-5 and 3—f3 linkages. Synergy was revealed between Pd/C and metal triflates: under
optimized conditions, 55 wt % mono-aromatics (entry 37 in Table 1)—mainly alkylmethoxyphenols
(2017 in Figure 4)—were obtained from the lignin fraction (24 wt %) of birch wood [57]. Instead of
metal triflates the effect of possible alternative acid co-catalysts (HCI, H,SO4, H3PO,, and CH3COOH)
was studied for the tandem RCF process in another publication [58]. Al(OTf); and HCI, respectively,
afforded 46 wt % (entry 38 in Table 1) and 44 wt % lignin monomers from oak wood sawdust in tandem
catalytic systems with Pd/C at 180 °C in 2 h, therefore HCl is a promising alternative to the metal
triflates [58].

Birch was effectively depolymerized using Ni-Fe/C catalyst with alloy structure in methanol
reaching 40% monomer yield (entry 39 in Table 1) with 88% selectivity to 4-propylsyringol and
4-propylguaiacol [59]. Pinus radiata wood was depolymerized by mild hydrogenolysis in dioxane-water
mixture by Pd/C catalyst to give an oil product, from which new biobased epoxy resins were
prepared [60].

The role of Ni/Al,O3 catalyst was elucidated in the solubilization, depolymerization,
and stabilization of lignin from birch in methanol in the 2017 work of Sels et al. [4]: the solvent is
responsible for the first two processes, while the catalyst is for the stabilization through hydrogenation
of reactive intermediates. Recuperation and reuse of the Ni/Al,O3 pellets was facilitated using a
catalyst basket. This catalytic reduction also prevents undesirable repolymerization reactions.

Continuous systems are vital for realistic scale-up because time-resolved product distributions
and yields can be obtained from these experiments. The first two papers using flow-through systems
instead of batch reactors for RCF were published by Samec [61] and Roman-Leshkov [62] in 2017.
During RCF in a flow-through system, separate reactors are used for pulping and delignification
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processes (Figure 5). A percolation reactor filled with birch and consecutively a fixed catalytic bed
reactor filled with Pd/C catalyst was used in the first paper [61]. A methanol-water solution of
phosphoric acid was percolated through the system at 30 bar pressure (left reactor system in Figure 5);
under optimized conditions 37% yield of monophenolic compounds (18% propanolsyringol and 11%
propylsyringol) was reached (entry 42 in Table 1). It was concluded that organosolv pulping and
transfer hydrogenolysis should be performed under different conditions; and depolymerized lignin
can be obtained without the palladium catalyzed step [61]. Two flow-through systems were used in
the second paper [62]: a single-bed reactor with a biomass bed located upstream from a catalyst bed
and a dual-bed reactor featuring switchable biomass beds physically separated from the catalyst in
a separate upstream reactor (right reactor system in Figure 5). RCF of poplar with Ni/C catalyst in
methanol solvent was studied in the latter paper, 17% monomer yield (mainly propylguaiacol and
propylsyringol) was reached (entry 43 in Table 1). It was concluded that flow-through studies allowed
the observation of biomass extraction intermediates, decoupling of solvolysis and hydrogenolysis,
simple catalyst recovery and recyclability, and elucidated catalyst deactivation mechanisms [62].
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Sample for
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Figure 5. Schematic representations of semi-continuous flow-through reactor systems.
(Left) Combination of a percolation reactor filled with woody biomass and a fixed catalytic bed
reactor filled with Pd/C catalyst (Adapted from [61]). (Right) Schematic of the semi-continuous
dual-bed flow reactor. Biomass in lower beds, catalyst in upper bed. (Adapted from [62,63]).
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2.5. 2018

Continuous systems initiated by Roman-Leshkov et al. [62] were developed further in 2018 [63].
Kinetic studies of RCF in flow-through reactors revealed decoupling of the two limiting mechanistic
steps, lignin solvolysis and reduction, which can be independently controlled. The difference of
activation barriers between flow and batch reactors indicated that lignin extraction under typical RCF
conditions was mass-transfer limited [63].

Complete lignocellulose conversion yielding valuable aromatics and fuels was introduced by
Barta et al. [64]. In the first, mild depolymerization step following the principles of RCF using
CupPMO (porous metal oxide), propanolguaiacol was obtained as main monomeric product (entry
45 in Table 1) that could be converted to plethora of value-added aromatic building blocks, also
including amines. In the second step, the cellulose and unreacted lignin residues that were mixed with
the heterogeneous catalyst were converted in supercritical methanol, resulting in aliphatic alcohols.
Hydrothermal conditions suitable for full conversion of the residues allows for efficient catalyst
recycling. Value-added products were produced in further catalytic pathways.

A comprehensive strategy for the smooth integration of an RCF-based biorefinery process into
current petrorefinery schemes was carried out by Sels and coworkers [65]. Birch wood processed by
RCF provided nearly theoretical amounts of phenolic monomers (entry 46 in Table 1 and Figure 4)
and a solid carbohydrate pulp with 83% Cs and 93% Cg sugar retention in the presence of Ni/Al,O3
using methanol solvent [4]. This pulp can be converted either into bioethanol by fermentation [4] or
to alkanes using liquid phase cellulose-to-naphtha (LPCtoN) technology with petrol as the organic
solvent [65]. Bio-enriched gasoline was produced from the (hemi)cellulose pulp using a two-phase
(water/fossil naphtha) catalytic slurry process followed by isomerization [65].

Rinaldi et al. [66] introduced a deep converting ‘lignin-first’ biorefinery concept in 2018,
which means production of gasoline and kerosene/diesel drop-in fuels in two steps. Poplar and
spruce were deconstructed over Raney Ni catalyst in isopropanol-water solvent mixture yielding
lignin oils along with cellulosic pulps in the first step, next the lignin oils were catalytically upgraded
to aliphatics or aromatics by simply changing hydrogen pressure and temperature in the presence of a
Ni,P/SiO; catalyst (entry 47 in Table 1). The self-sufficiency in hydrogen was achieved through the
gasification of the delignified holocellulose. The role of Raney-Ni catalyst in the process was clarified in
another paper by the Rinaldi group: it suppresses formic acid formation via sugar hydrogenation [67].

Alternatively, the use of hydrogen could also be avoided through the utilization of Fenton’s reagent
(Fe3*, H,0,), that combined with enzymatic hydrolysis transformed sweet sorghum bagasse into
phenolic monomers and sugars [68]. Initially, the feedstock’s molecular structure was modified through
iron chelation and free radical oxidation via Fenton’s reagent. The lignin component of the modified
feedstock was then selectively depolymerized in supercritical ethanol (250 °C, 6.5 MPa) under nitrogen
to produce a phenolic oil (entry 49 in Table 1). Thus, Fenton’s reagent seems to provide beneficial
effect in lignin depolymerization through the modification of lignin structure by hydroxylation and
demethoxylation reactions of lignin substituents in the aromatic rings as well as by the formation of
an iron-lignin complex. These two modifications are considered to make the $8-O-4 bond cleavage
energetically more favorable. Fenton modification not only increased the yields of phenolic monomers,
particularly ethyl-p-coumarate and ethyl-ferulate, but also enhanced enzymatic hydrolysis.

The metal triflate and Pd/C catalyst system was developed further by the Hensen group in
2018 [69]. Beside Al(OTf); other homogeneous acid catalysts were tried in the first fractionation
step of a two-step process, where oak was converted to lignin-oil and cellulose pulp in the first step,
then to phenolic monomers with up to 25 wt % yield over the Pd/C catalysts in the second step (entry
50 in Table 1). Phosphoric acid proved to be the most suitable catalyst because it minimized the
repolymerization back to lignin in the first step.

A complete transformation of lignocellulose into valuable platform chemicals was reached by
Wang et al. [70,71]. They transferred cornstalk into liquid alkylcyclohexanes (2018 15t row in Figure 4,
from the lignin fraction) and polyols (from cellulose and hemicellulose components) over Ru/C catalysts
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in aqueous phase in one step (entry 51 in Table 1) [70], and various biomasses (birch, beech, cornstalk,
and pine) over Pd/C + Yb(OTf)3 catalysts in methanol solvent to bio-oil and carbohydrates in the first
step (entry 52 in Table 1), then the lignin-oil to arenes over a Ru/Nb,Os catalyst in isopropanol, and the
carbohydrates phase to 5-hydroxymethylfurfural, and furfural in tetrahydrofuran/seawater in the
subsequent steps [71] in high overall yields (entries 51 and 52 in Table 1).

Another RCF process was also published by the Sels group in 2018 [72]. They converted
eucalyptus into lignin-derived (mono)phenolics, hemicellulose-derived polyols, and a cellulose pulp
in butanol-water 1:1 mixture over Ru/C catalysts and 30 bar hydrogen with 49 wt % lignin monomer
yields with propanolsyringol and propanolguaiacol as main lignin products (entry 53 in Table 1).
Phase separation of n-butanol and water upon cooling offered a facile and effective strategy to isolate
lignin-derived phenolics (n-butanol phase) from polyols (aqueous phase).

Carbohydrates served as an inherent hydrogen donor in a bark RCF process producing hydrocarbon
bio-oil in gasoline and diesel ranges and 4-ethylguaiacol [73]. RCF of vanilla seeds was used to
investigate the depolymerization of naturally occurring C-lignin, which consists solely of caffeyl
alcohol units; only two products (propyl- and propenyl catechol, 2018 second row in Figure 4) were
gained with 21 wt % lignin monomer yield (entry 55 in Table 1) [74]. Selective fragmentation into
hydroxycinnamic esters (methyl coumarate and methyl ferulate (Figure 4)) was reached by RCF of
corncob using MCM-41 supported ZnMoOy catalyst in methanol [75]. The effect of support, added
base, and solvent was studied in the catalytic depolymerization of cork over Rh/C catalyst: the highest
bio-oil yield (43 wt %) was reached by a 2-methyl tetrahydrofuran/water ‘green’ solvent mixture (entry
57 in Table 1) [76]. The reusability of Ru/SiC compared to Ru/C catalyst was emphasized in the RCF of
apple wood to lignin-oil further converted to jet fuel aromatics and polyurethane [77]. Unsupported
MoS,; catalyst was used in the RCF of corn stover and 18 wt % phenolic monomers yield was reached
(entry 59 in Table 1) [78].

Full utilization of biomass by means of solar energy was reached in 2018 by CdS quantum dots
catalyzed cleavage of the 3-O-4 bonds in birch into functionalized aromatics (2018 third row in Figure 4),
xylose, and glucose under visible light at room temperature. The 3-O-4 bond in lignin is cleaved by
an electron-hole coupled photoredox mechanism based on a C« radical intermediate, in which both
photogenerated electrons and holes participate in the reaction. Due to the colloidal character of the
catalyst it could be easily separated and recycled [79].

2.6. 2019

A new ‘lignin-first’ paper in 2019 discusses RCF of birch wood with high (up to 34 wt %) yields to
monophenolic compounds (10% propylsyringol and 9% propenylsyringol) using Co-phen/C catalyst
and formic acid or formate as a hydrogen donor (entry 61 in Table 1). The high yield was explained
by transfer hydrogenolysis reactions of lignin fragments targeting the 3-O-4’ bond and stabilizing
reactive intermediates due to the cobalt catalyst [80]. Formic acid was also used as hydrogen source
and as co-catalysts beside Ni-Al/C in another paper and a positive correlation was suggested between
spillover hydrogen on the catalysts and lignin-derived phenolic monomer yields [81]. Pt/Al,O3 not only
converted birch into phenolic monomers but also catalyzed methanol reforming in methanol-water
mixtures to supply hydrogen. Increased lignin monomer yield (49 wt %, entry 63 in Table 1) was
attributed to the stabilization of reactive lignin intermediates by hydrogenation of reactive bonds due
to the higher hydrogen yield [82].

A proof-of-concept membrane filtration was demonstrated by Rinaldi and co-workers in 2019,
for the separation and concentration of the monophenol-rich fraction (entry 64 in Table 1) from the
lignin liquors (poplar, Raney Ni catalyst, isopropanol/water solvent/H-donor mixture) [83]. In a further
paper, the impact of process severity (reaction temperature) was studied by the same group, using the
same feedstock, catalysts, and solvent mixture in the second one [84]. Higher process temperatures
led to improving overall delignification yields (up to 87%), producing low molar mass fragments and
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preferential cleavage of hydroxyl groups in monolignol sidechains via hydrodeoxygenation, yielding
oils with lower oxygen content [84].

Ni/C-catalyzed delignification of poplar resulted recalcitrance to enzymatic digestion of cellulose.
Subsequent gelatinization in trifluoroacetic acid greatly enhanced rates of enzymatic digestion or
maleic acid-AlCl3 catalyzed conversion to hydroxymethylfurfural (HMF) and levulinic acid (LA).
These results informed a 'no carbon left behind” strategy to convert total woody biomass into lignin,
cellulose, and hemicellulose value streams for the future biorefinery [85].

Two task-specific catalysts were developed for RCF: Mo, C/CNT for hardwood, and Ru/CMK-3
for softwood and grass. Using MoxC/CNT for apple wood led to a carbohydrate (both cellulose and
hemicellulose) retention degree in solid product close to theoretical maximum and a delignification
degree as high as 98.1% with 42% lignin monomers yield (entry 67 in Table 1) [86].

Chemodivergent hydrogenolysis of eucalyptus sawdust was carried out with Ni@ZIF-8 catalyst:
phenolic compounds having either a propyl or propanol end-chain were produced under different
reaction conditions. Propanol-substituted phenols (10% propanolsyringol, 5% propanolguaiacol)
at 220 °C and 30 bar H; within 4 h were identified as the major depolymerized products,
while propyl-substituted phenols (24% propylsyringol and propylguaiacol) where those at 260 °C and
30 bar Hy within 8h (entry 68 in Table 1) [87].

A homogeneous catalytic system (binuclear Rh complex) for a “lignin-first” biorefinery in
water was applied for basswood producing aromatic ketones (2% propanonesyringol, and 1.6%
ethanonesyringol (Figure 4)) with almost complete deconstruction of lignin component under mild
conditions (110 °C, 1 bar Ar, 24 h, entry 69 in Table 1) [88].

2.7. 2020

The same rhodium terpyridine complexes as homogeneous catalysts were used by the same group
as in 2019 [88] for redox-neutral depolymerization of poplar wood under mild conditions affording
aromatic ketones as the major monomer products (entry 70 in Table 1) [89].

The integrated biorefinery concept originated from Sels et al. [42,65] was developed further
by the same group in 2020 [90]. The process model integrated three catalytic steps: RCF of wood,
hydroprocessing of crude monomers extract, and dealkylation of crude alkylphenol product stream.
Ru/C catalyst in methanol solvent converted birch in the first RCF step into a carbohydrate pulp
amenable to bioethanol production and a lignin oil. Lignin monomers were cost-efficiently extracted
from lignin oil with fossil n-hexane and were catalytically funneled into phenol and propylene
(entry 71 in Table 1, and 2020, first row in Figure 4). A 78 wt % measure of birch was converted
into xylochemicals [90]. An integrated techno-economic assessment of the biorefinery process that
directly integrates the results of lab studies with economic costs and benefits was also developed [101].
They found that the scale of the plant, the feedstock-specific output quantities, and output prices
highly determine the economic feasibility. The Sels group patented the chemocatalytic biorefinery
concept [91]. Accordingly, three separate product fractions are produced in this biorefinery: (i) a lignin
oil enriched with high contents of lignin-derived (mono)phenolics, (ii) essentially humin (furanic
oligomers)-free hemicellulose-derived polyols, and (iii) a cellulose pulp. An example for eucalyptus
sawdust is given as Entry 72 in Table 1.

Softwood lignocellulose was effectively (77-98%) depolymerized in a mild lignin-first acidolysis
process (140 °C, 40 min, entry 73 in Table 1) using dimethyl carbonate and ethylene glycol
solvents/stabilization agent producing high yield (9 wt %) of aromatic monophenols (2020, second row
in Figure 4) and preserving cellulose as evidenced by a 85% glucose yield after enzymatic digestion [92].
The total utilization of lignin and carbohydrates in eucalyptus towards phenolics, levulinic acid,
and furfural was emphasized in another paper in 2020: Pd/C catalyst in methanol solvent was used
in the hydrogenolysis step, 50 wt % maximum phenolic monomers yield was achieved (entry 74 in
Table 1) [93]. Beech wood was directly converted into lignin derived monomers (20 wt % yield) and
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dimers and holocellulose derived light hydrocarbons in the presence of a sulfided NiMo/Al,Oj catalyst
in ethanol solvent at 260 °C (entry 75 in Table 1) [94].

Phenol was produced in a three-step process from pinewood with a 10 mol % overall yield [95].
In the first step pinewood was transformed into monomeric alkylmethoxyphenols using Pt/C catalyst
in a methanol/water mixture as solvent at 230 °C and 30 bar H; pressure by the selective cleavage
of 3-O-4 lignin bonds (entry 76 in Table 1). Subsequently, the methoxy groups were removed by
combination of MoP/SiO, and H-ZSM-5 catalysts leading to the formation of 4-alkylphenols—including
4-propylguaiacol, ethylguaiacol, and methylguaiacol—that were eventually dealkylated to phenol
using H-ZSM-5 catalyst in the third step.

Zeolite-assisted fractionation of lignocellulose by preventing the recondensation reactions of
aldehydes and allylic alcohols was achieved by Samec, Corma, and coworkers [96]. This prevention
effect was attributed to the shape/size selectivity of protonic Beta zeolites, whose pore size limits
undesired side reactions such as bimolecular condensations. In addition, mechanistic studies have
pointed out that the reductive dehydration of allylic alcohols is carried out in the pores of metal-free
zeolites. The highest lignin monomers yield from the organosolv pulping of birch wood was 20 wt %,
using an ethanol/water mixture at 220 °C for two hours (entry 77 in Table 1). In parallel, furfural and
ethylfurfural have been obtained as result of cellulose and hemicellulose fractions depolymerization
over zeolitic acid sites.

Based on their previous kinetic studies of RCF [62,63], Romén-Leshkov et al. [97] developed
detailed mesoscale reaction-diffusion models for lignin-first fractionation. The models predict that
mass transfer plays a governing role in solvolytic lignin extraction at the mesoscale. Lignin fragment
diffusion competes with mass transfer resistance, which seems to be dominant effect when biomass
particle size is over 2 nm. It is advisable to perform such tests for catalysts evaluation when the particle
size of biomass is smaller than 2 nm, when the kinetics of the reaction is controlled by the diffusion of
lignin fractions.

New concepts for lignin-first processes were introduced in 2020. Lignin-first integrated
hydrothermal treatment [98], using an ionic liquid for lignin-first fractionation [99], and fractionation
of wood with a y-valerolactone consisting solvent system [100], was suggested. We do not consider
the first two procedures as strictly regarded lignin-first processes as either a catalyst was not used [98],
or reductive conditions were not applied [98,99]. The last procedure is remarkable, as a continuous
operation was used to depolymerize maple wood lignin in a stirred reactor, which means continuous
feeding of thermally pretreated lignin solution into the reactor and the products were collected at the
outlet in a sample vial at 30 min intervals [100].

3. Summary

Early studies (1940-1986) on wood digestion or conversion using a catalyst were mainly focused
on the elucidation of the chemical structure of lignin. The 4-n-propylphenol nature of the lignin
monomers was confirmed [5]. With environmental concerns and increasing need to shift away from
the dependence on fossil resources, interest in biomass as a sustainable feedstock has been resurgent,
and lignocellulose has been identified as an important feedstock because it does not compete with the
food supply. Innovative approaches, mainly related to efficient valorization of the cellulose platform
have been introduced, together with the definition of top value-added platform chemicals. However,
research in lignin has lagged behind due to its recalcitrant structure and it was only predominantly after
2010 that lignin conversion gained momentum and many fundamental works have been published,
wherein significant progress has been made.

Notable advances in the one-pot full conversion of lignocellulose include the use of supercritical
methanol as hydrogen source for the highly efficient conversion of lignocellulose to aliphatic small
molecules in 2010 and 2011. The importance of supressing char formation has been recognized here.
Later, interesting works to provide highly useful molecules in a one-pot, one-step process were the
direct production of light naphtha (n-hexane, n-pentane, cyclohexane, and methylcyclopentane) by
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the Sels group in 2015 [42], which was developed further in 2018 [65] and 2020 [83] producing phenol
and propylene. Liquid alkylcyclohexanes and polyols over Ru/C catalysts [70], and propylphenols,
Cs5—C¢ ketones, and furans over sulfided NiMo/Al,O3 catalysts [94] were formed in other one-pot
one-step processes.

The concept of stabilization of reactive intermediates emerged in many different aspects in the
field. One of the elegant examples of stabilization was introduced by Luterbacher et al. who described
the role of formaldehyde and other carbonyl compounds in the protection of the native 3-O-4 moiety
during extraction, and thereby achieved much higher yields of desired monoaromatic products [6].
Trapping reactive intermediates originating from acid treatment after depolymerization in the form
of acetals has also resulted in the suppression of recondensation and increased monomer yield from
lignin. This approach has shown success on lignocellulose both in toluene/methanol mixtures [47],
or more recently in dimethyl carbonate as solvent [84].

Undoubtedly, reductive catalytic fractionation (RCF) introduced during 2014-2015 by three
research groups [39-41], has emerged as highly efficient method (also relying on stabilization) for
lignocellulose valorization. Much research has been done regarding catalyst development, the role
of additives, and types of hydrogen donors as well as reaction setup. For example using Zn-Pd/C
bimetallic and Ru/C catalysts resulted in higher than 50% lignin monomers yield [40,41], isopropanol
solvent ensured the source of hydrogen [39], and the direct production of light naphtha Ref. [42] became
possible. This method has matured over the years towards achieving integrated biorefinery approaches
in 2018, reaching the complete valorization of all lignocellulose constituents. For example, value-added
products (propanolguaiacol and aliphatic alcohols) were produced in a model biorefinery with complete
lignocellulose conversion. Importantly, these were further converted to a plethora of value-added
building blocks with focus on amines [64]. The cellulose fraction was fully converted, in supercritical
methanol, allowing for catalyst recycling. The aliphatic alcohols obtained in this step were coupled
with cyclopentanone and subsequently converted to hydrocarbons, with target of jet-fuel range cyclic
alkanes. Furthermore, an elegant liquid phase cellulose-to-naphtha technology was developed [65].
A deep converting ‘lignin-first” biorefinery concept meaning gasoline and kerosene/diesel production
was introduced [66]. Liquid alkylcyclohexanes, arenes, polyols, and furfural derivatives were
produced [70,71]. The latest novel results were carried out using new catalysts [80,87,88] and by
developing task-specific catalysts for hardwood and softwood [86], chemodivergent hydrogenolysis
(for propyl- or propanol-methoxyphenol production) [87], membrane filtration [83], and applying new
solvents/stabilization agent (dimethyl carbonate) [92]. The first integrated techno-economic assessment
of a biorefinery process revealed that using only waste wood as feedstock can make the investment
profitable [101].

In all the RCF systems, where the lignin fraction is valorized ‘first’, the celluloses will remain mixed
with the heterogeneous catalyst, which means that the catalyst recycling issue needs to be addressed
and many creative solutions have been already found. Possible solutions for catalyst separation were
developed using a magnetic catalyst [39], membrane filtration [83], or embedding the metal function
in a cage [4]. Adding a second catalytic step that converts all process residues was also developed,
which liberated the catalyst for re-use [64].

4. Future Perspectives and Challenges

Several achievements have already been reached in ‘lignin-first” process technology in recent
years: noble-metal containing catalysts were replaced by more sustainable metals, or other catalysts;
hydrogen was produced self-sufficiently from the pulp or solvent, and a good level of uniformity and
chemodivergency of the products using mild conditions and appropriate (task-specific) catalysts has
been reached, pointing toward exciting possibilities for ultimately converting total woody biomass
into value-added products (as per the ‘no carbon left behind’ strategy). Notably, there were examples
for the integration of biorefinery into petrorefinery processes, and the direct usage of lignin oil as a
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sulphur-free diesel-soluble liquid fuel. Semi-continuous flow-through systems have been established
with good efficiency.

Future work will undoubtedly focus on several directions such as replacing batch reactors with
really continuous flow-through systems and development of RCF processes applicable to crude biomass
and lignocellulosic waste streams (e.g., bark). Effective removal of the catalyst from the pulp to enable
subsequent enzymatic or catalytic treatment of the (hemi)cellulose fraction and improving recyclability
of the catalysts will be essential to move toward real upscaling efforts, where in addition, the choices of
solvent will be very important.

RCF enables to derive more value from lignin by increasing the yield and selectivity of desired
aromatic monomers, which enables the more efficient production of well-defined products from
lignin, thereby influencing the overall economic feasibility of lignocellulosic biorefineries. In the
future, focus will also shift toward establishing downstream processing strategies for all lignocellulose
constituents, and the diversification of the product portfolio accessible from lignocellulosic biorefineries.
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Abstract: On a worldwide scale, food demand is increasing as a consequence of global population
growth. This makes companies push their food supply chains’ limits with a consequent increase in
generation of large amounts of untreated waste that are considered of no value to them. Biorefinery
technologies offer a suitable alternative for obtaining high-value products by using unconventional
raw materials, such as agro-industrial waste. Currently, most biorefineries aim to take advantage
of specific residues (by either chemical, biotechnological, or physical treatments) provided by
agro-industry in order to develop high-value products for either in-house use or for sale purposes.
This article reviews the currently explored possibilities to apply biorefinery-known processes to banana
agro-industrial waste in order to generate high-value products out of this residual biomass source.
Firstly, the Central and Latin American context regarding biomass and banana residues is presented,
followed by advantages of using banana residues as raw materials for the production of distinct
biofuels, nanocellulose fibers, different bioplastics, and other high-value products Lastly, additional
uses of banana biomass residues are presented, including energy generation and water treatment.

Keywords: biorefinery; residue; agro-industry; high-value products; banana

1. Introduction

The rising development of industries all over the world has brought a consequential increase
in their residue generation, especially in the field of agro-industry. This waste can be denominated
as “food supply chain waste” (FSCW) and can be defined as “organic material produced for human
consumption lost or degraded primarily at the manufacturing and retail stages” [1]. This concept has
emerged in the context of the current vast inefficiency of the food supply chain business. For instance,
the Food and Agriculture Organization (FAO) revealed in 2011 that up to a third of the food aimed at
human consumption is wasted every year globally [2]. The environmental and economic impacts of
this worrying situation have driven the development of technologies pursuing not only conventional
waste management and disposal, but also the extraction of as much value as possible out of any given
agro-industrial waste.

1.1. Agro-Industry Residues as Biomass Sources

Agro-industries have slowly come to realize that valorization of biomass residues (either by
using them as raw materials for the development of high-value products, or investing in recirculating
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processes that make use of these residues to obtain income in the long run) is not only beneficial from
an environmental perspective, but can also help to minimize economic losses or even raise the net
value of companies.

Inadequate treatment of these biomass residues has a negative impact on the environment, mainly
generating greenhouse gases, contaminating water sources, and causing ecological problems [3,4].
Biorefinery technologies rise as suitable alternatives to mitigate these impacts as they can assist on
reducing waste volume [5], but also on producing high-value goods out of revalorized biomass waste
for circular economy purposes.

Waste valorization converts polymeric substrates into useful products such as chemicals, materials,
and fuels, often by extraction, chemical conversion, or degradation. Historically, the utilization of
complex biomasses led the way in pulp and paper production, or biotechnological production of
furfural, ethanol, or short chain organic acids since the 19th century [6]. However, it was not until the
1990s when the term “biorefinery” became widespread in the industry, once biomass started to be used
as a source of higher-value products [7,8].

1.2. The Concept of Biorefinery

Out of the many published definitions for the term “biorefinery”, perhaps the one from the
American National Renewable Energy Laboratory (NREL) seems to fit best the approach of this
review: “A biorefinery is a facility that integrates biomass conversion processes and equipment to
produce fuels, power, and chemicals from biomass” [6]. Definitions such as this one comprise the
conversion of biomasses not only into biofuels, biopolymers, high-value products, and fine chemicals,
but also include the generation of power (heat and electricity) analogous to today’s petroleum-based
refineries [7].

In addition to lignocellulosic biomass-based industries, more sectors have shown interest in
applying biorefinery approaches to organic waste, for instance: food waste [9], nonedible oils [10]
sewage sludge [11], and municipal solid waste [12] just to name a few. Biorefinery technologies enable
more efficient use of agricultural resources and sustainable food production [9]. Taking advantage of
biorefinery technologies represents a valuable strategy for agro-industries and governments; hence,
they can easily navigate the challenges of the green economy era.

2. Applications of Agro-Industrial Residues

Agro-industrial waste is mainly composed of lignocellulose biomass. Lignocellulose waste
has been gaining increasing attention due to its mechanical and thermal properties, renewability,
wide availability, non-toxicity, low cost, and biodegradability [13,14]. The vast range of lignans and
celluloses comprised in agro-industrial residues grants them tremendous potential as feedstocks for
chemical and biotechnological conversion processes. For instance, enzymatic breakdown of cellulose
and hemicelluloses into glucose and xylose allows further fermentation of these monosaccharides
into ethanol by fermentative microorganisms. Furthermore, pyrolysis and anaerobic digestion of
lignocellulose biomasses can yield combustion gases such as Hy and CHy [13,15,16].

Currently, organic and agro-industrial residues take up a large portion of overall global waste
(Figure 1a), which is one of the reasons to make good use of it. The abundance of biomass feedstocks
gives a positive prospect for their future utilization in biorefinery technologies [17]. Estimates on
biomass crop residue flows in Latin America show that most of lignocellulose containing biomasses
are mostly made of maize, soybean, and sugarcane residues [18]; banana residues are not found within
the main agro-industrial residues of developing countries to be used as biorefinery biomass sources
(Figure 1b), though in many locations banana waste treatment remains a problem that needs to be
addressed [19], as we discuss in the following section.
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Figure 1. (a) Composition of global solid waste in 2015 (adapted from [17]). (b) Estimated biomass
crop residue flows for Latin America in 2012 (adapted from Table 3.1 in [18]).

2.1. Generation of Banana Residues

A banana plant is a tall and sturdy herbaceous plant, with a succulent and very juicy tubular stem,
composed of leaf-petiole sheaths consisting of long and strongly overlapping fibers called pseudostem.
Each pseudostem bears fruit only once, before dying and being replaced by a new one; this pseudostem
consists of concentric layers of a leaf sheath and a crown of large leaves [15].

Banana biomass mainly consists of four elements, namely: pseudostems, leaves, rachis, and skins.
Additionally, a significant number of rejected bananas provide starchy feedstock to feed biorefineries.
Feedstock derived from rejected bananas can reach up to 30 wt% of the total production (remaining
unsold overripe fruits also fall in this category) [15]. All these biomass residues are normally dumped
in rivers, oceans, landfills, and unregulated dumping grounds, creating huge decaying deposits that
can lead to the spread of diseases, contamination of water sources, generation of foul odors, and
attraction of rodents, insects, and scavengers. Some of the possible ways that enable the utilization
of banana waste include compost production and food wrapping. However, these solutions do not
always prevent the material from reaching the wasteland after serving its purpose. Recently, a craft
type paper of good strength has been made from crushed, washed, and dried banana pseudostems [15].

2.2. Banana Residues in Central and Latin America

Banana is one of the most cultivated fruit crops worldwide (~106.7 million tons of production in
2013). Many industries take advantage of banana pulp, but discard lignocellulosic biomass, including
pseudostems, stalks, leaves (normally found in the field), and rachis of the fruit bunches (gathered
usually in the packing plants). Leaves, the pseudostem, stalk, and peel generate a huge amount of
waste [20]; for instance, banana peels account for more than 41.3 million tons per year, therefore serving
as a potential biomass feedstock [21].

The estimated amount of agricultural residue available in Central America in 2011 was about
192 Petajoules (PJ); the countries with the highest energy potentials are Guatemala with 79 PJ and
Honduras with 29 PJ, followed by Costa Rica with 22 PJ. Banana residues represent an important
fraction of these wastes, as the Central American region provides excellent environmental conditions
for optimal development for the banana plant. In this fashion, banana crops rank in the top six
agriculture residues in countries such as Belize, Costa Rica, Guatemala, Honduras, and Panama [21].

Nevertheless, Central American producers are far more focused on commercializing the crop itself
than valorizing the corresponding waste. In 2011, about 2.9 million tons of banana residue (wet basis)
were produced in Central America [21]. However, it is worth mentioning that these residues cannot be
fully recovered, as part of them must be left in situ to avoid soil degradation (i.e., reduction of carbon
stock in the soil), while other residues have found uses as fertilizers, fodder, and domestic fuel [21].
Nonetheless, there is still a large proportion that can find applications as biorefinery feedstocks.

Other Latin American nations face similar realities when it comes to banana production (Figure 1b).
For instance, Brazil produces around 82.8 million tons of bananas annually; each produced ton leaves
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behind 100 kg of rejected fruit and some 4 tons of lignocellulosic waste (3 tons pseudostems, 480 kg
leaves, 160 kg rachis, and 440 kg skins) [22].

Nations such as Ecuador have come up with a series of initiatives regarding bioethanol production
using lignocellulosic biomass from banana crops. For instance, Guerrero and collaborators developed a
process of production of bioethanol from banana rachis with a positive energy balance [23,24]. Figure 2
presents schematics of the production and use of second-generation ethanol from banana waste and its
further blending with regular gasoline, this study employed a Well-to-Wheel (WtW) perspective and
concludes that this strategy has great potential to reduce greenhouse gas emissions and fossil depletion,
as a consequence of an overall positive energy balance for the process [23]. Bioethanol production
from banana wastes is further discussed in Section 3.1 of this review.

Y 1
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Raw materia Production _Distribution m
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Figure 2. Life cycle system of second-generation ethanol production from banana rachis [23].

2.3. Potential Biorefinery Use of Different Banana Residues

Before addressing the possible ways to convert banana residues into high-value products through
biorefinery, it is important to describe their physicochemical properties, as this information allows
for their maximum exploitation as raw materials and would help in developing more eco-friendly
approaches too. Banana peel and rachis waste are composed mainly of biopolymers such as lignin,
pectin, cellulose, hemicellulose [25], fiber, proteins, and some low-molecular-weight compounds such
as chlorophylls, phenolic compounds, water-soluble sugars, and minerals.

Table 1 shows the composition of banana peel and rachis on a dry matter basis. It is worth
mentioning that the high moisture content of banana residues promotes their biodegradability before
processing, thus affecting their handling, transportation, storage, and further uses in biorefinery
technologies [20]. The composition of fruit peel residues varies according to species, seasonal
variations, geographic location, variety, and stage of maturation [20]. Lignin contents are greater in
banana rachis [23], and banana leaves are rich in holocellulose, hemicellulose, and lignin, all promising
compounds for biorefinery processing. Lignin is particularly valuable, accounting for 25 wt% of
banana leaves, which is higher than other important agro-industry residues such as cotton or straw [26].
Banana rachis and pseudostem residues can be used as biomass feedstocks, both biomasses have a
high content of carbohydrates such as hemicellulose, starch [23], and lignin [19]. Banana stem residues
also contain lignins, glucans, and most abundantly xylans and ashes [27].

Though mechanical [28] and hydrothermal pretreatments of these residues are still energy and time
consuming [13], they have proved necessary for further steps in biorefinery operations. For instance,
steam explosion pretreatment increases cellulose content compared to raw materials (from 20.1 to
54.4 wt% going from raw to pretreated pseudostem, and 26.1 to 57.1 wt% going from raw to pretreated
rachis); pretreatment also increases free glucose content for further biotransformations [29].
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Table 1. Composition analysis of banana peel and rachis on a dry matter basis [20,23].

Value (wt%) 1

Parameter Peel Rachis
Cellulose 12.17 £ 0.21 23.0+1.1
Hemicellulose 10.19 £ 0.12 11.2+22
(Acid-Detergent) Lignin 2.88 + 0.05 10.8 0.5
Sucrose 15.58 + 0.45 -
Glucose 7.45 + 0.56 -
Fructose 6.2 +0.4 -
Protein 513 +0.14 -
Pectin 159+ 0.3 -
Ashes 9.81 +0.42 299 +0.9

1 Polyphenolics, fat, and other extractives add up as the remainder of the composition.

3. High-Value Products Obtained from Banana Residues

As shown above, a large number of parts of banana residues can be used as biomass sources;
chemical composition of the raw material in question will determine its further suitability as a biomass
source. In this section we describe a series of high-value products obtained from banana residues via
biorefinery technologies.

3.1. Biofuels

Chemical composition of banana stems provides an indicator of their feasibility for production
of fermentable sugars as a function of moisture content, as well as cellulose and hemicellulose
contents. In fact, saccharification and further fermentation of banana lignocellulosic content for ethanol
production has been extensively investigated [28-30]. Research by Duque and collaborators shows
that the potential of ethanol production is 0.259 kg of ethanol per kg of banana stem raw material [31].
Research by Guerrero and co-workers has found high solid loading, low enzyme dosage and a short
period conversion process as optimal conditions for bioethanol production from banana pseudostem
and rachis, yielding ethanol solutions of 4.0 v/v % (87% yield) and 4.8 v/v % (74% yield), respectively [29].

Another study by Ingale and co-workers also employed banana stem waste and found that
alkali treated banana pseudostems followed by enzymatic saccharification yield higher contents of
reducing sugars than those alkali treated only, the corresponding increase in ethanol production was
observed (Figure 3) [32]. Not only has lignocellulosic waste from banana production been transformed
into ethanol, but fermentation of banana pulp and fruit can yield comparable biofuel efficiencies as
corn [28].

Even though further technological improvements are still required, bioethanol yield from banana
waste presents a promising alternative for the production of this biofuel. Further research on improved
enzymatic cocktail formulations, more robust microorganism strains, as well as optimization of
industrial conditions, such as reaction time, water content, and ethanol separation technologies [30],
are still required [28].
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Figure 3. Saccharification percentage and ethanol yield from “alkali treated” and “alkali + enzymatic
treatment” banana pseudostems (modified from Reference [32]).

3.2. Fibers for Mechanical Reinforcement

Banana fiber has traditionally found a place in a number of manufactured products such as
paper, ropes, table mats, and handbags [15]. Though these materials are inexpensive, biodegradable,
and produced from renewable sources, biorefinery approaches offer the possibility to generate higher
value outcomes from their raw material. In this fashion, lignocellulosic micro/nanofibers (LCMNEF)
can be produced from banana leaf residues; Tarrés and co-workers’ results show that banana leaves
can yield up to 82.44% LCMNF, a significantly high value compared to other agricultural wastes that
typically yield around 15% [26].

LCMNFs from banana leaf residue have been used to restore mechanical properties of recycled
fluting paper. A study found that incorporation of only 1.5 wt% of LCMNF can restore the original
properties of fluting paper, with a low impact in pulp drainability, while increasing the life span of the
resulting recycled products [33].

3.3. Nanocellulose Fibers

Banana residues are a great source of cellulosic materials (see Table 1); cellulose provides stiffness
and strength to the plants’ structure, and approximately a third of the plant’s anatomy is composed of
this polysaccharide [34-37]. Since cellulose is greatly present in banana peel and rachis (Table 1), those
represent biomass sources suitable to obtain nanocellulose fibers (NCFs).

NCFs exhibit many attractive physicochemical properties such as a high bending strength
(~10 GPa), a Young’s modulus of approximately 150 GPa, a high aspect ratio, and a high specific surface
area. Therefore, NCFs have been used as reinforcements for polymer matrixes [38], and as additives
for papermaking. Suspensions of NCFs improve the mechanical strength and density of paper while
reducing its porosity [15]. The surface of NCFs is decorated with polar hydroxyl groups, which confer
high moisture adsorption capacity and surface reactivity [39]. NCFs present a strong potential as
oil-water suspension stabilizers in the food industry [35]; as mechanical reinforcement [40] in drug
delivery, enzyme supports, biosensors [41], and scaffolds for tissue engineering applications [39,40,42].

Acid hydrolysis of cellulose is the most common process for obtaining NCFs [43], as fractions
containing amorphous material can be hydrolyzed with HCI and sulfuric acid, while those containing
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crystalline cellulose are typically recovered by centrifugation [44,45]. NCFs have been isolated from
banana peel using different processes, involving alkaline treatment and bleaching, followed by acid
hydrolysis with sulfuric acid and high-pressure homogenization [46]. Transmission electron microscopy
(TEM) and atomic force microscopy (AFM) investigations have revealed the clearance of large amounts
of amorphous materials to afford highly crystalline NCFs, these NCFs showed good cytocompatibility
with human epithelial colorectal adenocarcinoma cells (Caco-2 cell line) in concentrations below
1000 mg/mL, these NCFs exhibit promising features as reinforcement material in composites too
(Figure 4) [46].

Figure 4. Banana peel-derived nanocellulose fibers (NCFs) produced by chemical hydrolysis without
(panels (a) and (b)) or with mechanical treatment (high-pressure homogenization, panels (c) and (d)).
(a) Transmission electron microscopy (TEM) and (b) atomic force microscopy (AFM) images of NCFs
produced by chemical hydrolysis without mechanical treatment (c) TEM and (d) AFM images of NCFs
produced with mechanical treatment (modified from Reference [46]).

3.4. Bioplastics

Poly-hydroxybutyrates (PHBs) are value-added biocompatible, biodegradable, thermoplastic
biopolymers that can be synthesized by microorganisms from diverse carbon sources. Polysaccharidesin
banana peel can be either chemically or microbiologically transformed into PHBs [8], these biopolymers
are hydrophobic, and bear similar mechanical properties to polypropylene or polyethylene. Getachew
and collaborators have reported on a series of strains of Bacillus sp. able to yield up to 27 w/w % of
PHB content after the fermentation of hydrolyzed banana peel residues [47]. PHB production from
banana waste is still not affordable on an industrial scale, though efforts to couple this production as
part of a multiproduct biorefinery are moving the field in this direction; for instance, Naranjo and
coworkers reported on how such a kind of integration might save energetic costs and water waste via
the fermentation of banana peel hydrolysates using Burkholderia sacchari IPT101 [8].
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Poly-(I-lactic acid) (PLA) is a biodegradable and renewable polyester with many industrial
and biomedical applications, including drug delivery systems, bioabsorbable fixation devices, bone
regeneration, and tissue engineering scaffolds [48-50]. PLA has been obtained through fermentation
of banana (and also pineapple) waste hydrolisates using Lactobacillus casei (subspecies rhamnosus),
and further microwave-assisted polymerization, as reported by Jiménez-Bonilla and collaborators [48].
This direct melt polycondensation method afforded PLA oligomers with low oxidation losses, better
stereopurity and lower energetic cost than conventional heating methods (Figure 5) [48].
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Figure 5. Synthetic path to produce Poly-(I-lactic acid) (PLA) from [-lactic acid [48].

3.5. Enzymes and Food Additives

Banana stalk residues have been valorized in the bio assisted production of enzymes like laccase,
different oxidases, and endoglucanases too [13]. For instance, Reddy and co-workers investigated
the use of Pleurotus ostreatus and P. sajor-caju, to produce lignolytic and cellulolytic enzymes such as
laccase, lignin peroxidase, xylanase, endo-1,4-3-D-glucanase (CMCase), and exo-1,4-p-D-glucanase
using banana wastes as solid substrate fermentation. Both microorganisms originated comparable
levels of enzyme activities and patterns of production.

Leaf biomass was found to be an appropriate substrate (compared to pseudostems) for
enzyme production [51]. Banana peel extracts have been studied as antioxidants in fresh orange
juices, finding that free radical scavenging capacity increased by adding banana peel extracts to
juice formulations. In addition, remarkable increases in antioxidant capacity using 2,2’-azino-bis-
(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS) radicals were observed when equal or greater than
5 mg of banana peel extract per ml of freshly squeezed juice was added, though no clear effects were
observed in its ability to reduce the extent of lipid peroxidation [52].

4. Additional Uses of Banana Residues

4.1. Energy Generation

There seems to be a worldwide agreement on shifting towards green energy production and
lessening the current dependence on fossil fuels. Agro-industrial biomass sources are a natural choice
when it comes to exploring environmentally friendly ways to produce energy, and banana wastes are
no exception to this. Banana residues have made it into the energy production sector only in recent
times and their potential as energetic biomass is becoming evident; for instance, energy generation
from dry banana peel can yield up to 18.89 MJ/kg [20]. The reader is invited to consult reference [19]
for an extensive assessment of banana biomass as an energy source in the Central American region.

Currently, there are two approaches for the conversion of banana biomass into energy: thermal
and biological conversion [20]. The former involves direct combustion and gasification, while the
latter involves anaerobic digestion as shown in Figure 6. Compared to other types of waste substrates
(such as human sewage, piggery, or feedlot waste), banana residues produce a very clean form of
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biogas (mostly made of methane and carbon dioxide, with little noxious odors) [15]. Pisutpaisal
and collaborators have demonstrated that size reduction of banana peel raw material and its fungal

pretreatment might improve methane yield [16].
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Figure 6. Schematics showing the process of banana waste anaerobic digestion to produce gas and
liquid fuels, as well as fertilizer and animal feed (Modified from Figure 1 in Reference [15]).

Theoretical estimates for potential power generation based on both banana waste and banana
peels in Malaysia (by Tock and coworkers for the period 2003-2008) suggest that banana biomass is a
suitable renewable energy source in this one and other similar tropical nations. This study calculated
potential power assuming that 1 PJ can be converted into 46 MW of electrical energy with 21% electrical
conversion efficiency. This study estimates that using whole banana residues might generate some
80-95 MW yearly, while banana peels only would generate 12-25 MW per year (15% and 25% of energy
production using the whole residue) as detailed in Table 2 [15].

Table 2. Estimated potential power generation based on whole banana residues and banana peel in
Malaysia during 2003-2008.

Whole Residue-Based Estimates 2 Peel-Based Estimates P
Energy from Potential Ener Potential
Year Yield Biog:mss Energ'y Power from I:geyel Energy Power
. Potential . . Potential .
(kt/Year) Residue (P)) Generation Residue (P)) Generation

MJ/kg) (MW) MJ/kg) (MW)

2003 274 659 8.63 83.35 69 1.30 12.52
2004 317 761 9.97 96.31 79 1.50 14.47
2005 262 629 8.24 79.65 66 1.24 11.96
2006 258 620 8.13 78.50 65 1.22 11.79
2007 265 636 8.34 80.52 66 1.25 12.10
2008 270 649 8.5 82.13 68 1.28 12.34

a Residue: Product Ratio = 2.4, P Peel: Product Ratio = 0.25, modified from Reference [15].

4.2. Water Treatment

Banana peel has been reported to be used as a bio adsorbent for the removal of contaminants
such as heavy metals, dyes, and organic pollutants from wastewaters [53]. A study by Pathak and
co-workers reports on the adsorptive removal of benzoic acid (BA) and salicylic acid (SA) using banana
peel (Figure 7); the authors report on removal efficiencies between 60-80% for the removal efficiency of
these contaminants, with the advantage of possible reuse of the banana peel adsorbent in gasification
for power generation [54] (though adsorbing contaminants that may be detrimental for biogas quality
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must be avoided). Banana pith has been used to produce activated carbons to be employed in divalent
heavy metal cations and dye removal from aqueous solutions with satisfactory results [55].
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Figure 7. Removal efficiency of benzoic acid (BA) and salicylic acid (SA) from water samples using
banana peel as adsorbent (Cy = 100 mg/L, t = 15 h, T = 303 K, modified from Reference [54]).

5. Conclusions

Banana plants exhibit high growth rates and carbon neutrality; therefore, their agro-industrial
residues are a promising alternative to be used as feedstock for biorefinery technologies, though
challenges regarding composition variations in the wastes must be addressed, i.e., geographic location,
plant variety, ripening stage, among others that difficult standardization for biorefinery processing [20].

Current technologies require further developments in order to extract as much value as possible
from banana waste, for instance, by achieving positive energy balances by full integration of different
biorefinery processes. Efforts involving the production of bioethanol and biogas are currently moving
in this direction [23,24]. Although efforts are being made on the production of enzymes and food
additives derived from different components of banana waste, the most promising potential for these
residues rely on high-value biopolymers, i.e., micro and nanofibrillar mechanical reinforcements
such as nanocellulose fibers, as well as the biotechnologically and chemically assisted production of
bioplastics such as PHBs and PLA. More research on biorefinery approaches will be required if banana
residues’ biomass potential is to be increased. As a result of this, small communities from developing
countries, as well as agro-industrial, chemical, and pharmaceutical industries, are most likely to benefit.
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Abstract: The current climate awareness coupled with increased focus on renewable energy and biobased
chemicals have led to an increased demand for such biomass derived products. Electrosynthesis is a
relatively new approach that allows a shift from conventional fossil-based chemistry towards a new model
of a real sustainable chemistry that allows to use the excess renewable electricity to convert biobased
feedstock into base and commodity chemicals. The electrosynthesis approach is expected to increase
the production efficiency and minimize negative health for the workers and environmental impact
all along the value chain. In this review, we discuss the various electrosynthesis approaches that
have been applied on carbohydrate biomass specifically to produce valuable chemicals. The studies
on the electro-oxidation of saccharides have mostly targeted the oxidation of the primary alcohol
groups to form the corresponding uronic acids, with Au or TEMPO as the active electrocatalysts.
The investigations on electroreduction of saccharides focused on the reduction of the aldehyde groups
to the corresponding alcohols, using a variety of metal electrodes. Both oxidation and reduction
pathways are elaborated here with most recent examples. Further recommendations have been made
about the research needs, choice of electrocatalyst and electrolyte as well as upscaling the technology.

Keywords: electrosynthesis; biomass; carbohydrate; saccharides; electro-oxidation; electroreduction

1. Introduction

The increasing pressure on non-renewable fossil resources caused by the growing population has
made increasingly urgent the need for the development of sustainable and alternative technologies to
produce energy, food, and materials. In recent years, a significant number of environmentally friendly
processes based on the utilization of renewable raw materials have been described, in the hope of
replacing the petro-based industry [1]. This is especially true of Europe where bio-based industries are
central to build a European circular economy [2].

Biomass is considered as an inexpensive feedstock and is the most abundant renewable resource on
the planet. It is a mixture composed of organic and inorganic materials. One of the major components
of the organic biomass materials is lignocellulose, itself being constituted primarily of cellulose
(42-49%); hemicellulose (16-23%), and lignin (21-39%) [3]. Cellulose is thus considered to be the most
important macromolecule on Earth. It is composed of long polymeric chains of at least 500 glucose
molecules. This abundance explains the renewed interest towards saccharides and polysaccharides
as an alternative to fossil resources in chemical, pharmaceutical, material, and energy industries.
Even though carbohydrate chemistry has been a subject of study since the 19th century following
Fisher’s pioneering work [4], it has arguably received limited attention compared to other biomolecules
such as proteins or amino-acids. While these compounds have found a plethora of applications in various
industries, their production and derivatization are predominantly via chemical synthesis. Enzymatic
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processes have been studied as a greener alternative but remain yet underexplored [5,6]. Therefore, there
is a great need for novel greener processes for the production of carbohydrate-based materials.

The field of electrochemistry has recently gained renewed traction as a clean and carbon-neutral
way to promote chemical transformations. Electrochemistry can be employed in a large number
of areas, from the synthesis of materials or chemicals to the development of sensors to detect and
analyse specific compounds, as well as to generate power (cogeneration). In chemical synthesis,
electrochemistry allows to avoid the use of chemicals to deliver the reductive or oxidative power
and provides more safe processing conditions due to the decoupling of the chemical reaction in half
reactions [7]. Although electrosynthesis satisfies most of the postulates of green chemistry, direct
applications of such processes in industries remain rather scarce. However, recent advancements in
the development of electrode materials and membrane technologies have improved the performances
of electrochemical processes by reducing the energy consumption, improving the rates of reactions
and selectivity and increasing the current density [8,9]. These novel technologies and the ability
to use renewable electricity from wind or solar energy have made electrochemistry an intensively
researched approach in recent years which has a potential to become less expensive and therefore a
more economically and ecologically attractive alternative to chemical processes.

This review addresses the current knowledge on the electrochemical conversion of biobased
chemicals, particularly saccharides, to commodity chemicals.

2. Electrochemical Oxidation of Biomass

The oxidation of carbohydrates has been a very active field of research for the last fifty years
and is still intensively studied. This is mainly true for oxidation of carbohydrates to their uronic
acid analogues. Chemical direct oxidation processes require the use of stochiometric amount of
strong and toxic oxidizing agents, such as nitric acid and nitrogen dioxide. Due to the risks and cost
of such protocols, catalytic processes were developed, employing atmospheric oxygen and noble
metals. Although the catalytic systems were more selective and efficient, more sustainable systems
were greatly sought. Therefore, many reports have demonstrated the capacity for electrochemical
processes to transform saccharides—through direct or indirect oxidation—to their corresponding uronic
acids, but also to other important derivatives (Scheme 1). Reducing and non-reducing saccharides
have been studied. These two types of saccharides differ in the presence or the absence of a free
aldehyde/hemiacetal functional group.
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Scheme 1. Conceptualisation of oxidation and reduction of carbohydrates in an electrochemical
cell. Components like electrocatalyst and membrane as well as processing parameters like choice of
electrolytes indicate the variables for reaction and process efficiency.
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2.1. Poly/Oligosaccharides

The organic stable nitroxyl radical 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO, 1) is used
commonly in organic synthesis, mostly for its ability to oxidize primary alcohols with a high level of
selectivity. Due to the high turnover frequency of TEMPO and its derivatives, as well as their high
stability, such catalyst also found use in electrochemical processes, as homogeneous mediators for
electrochemical oxidation of hydroxyl groups (Scheme 2).
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Scheme 2. TEMPO-mediated electrochemical oxidation of alcohol groups.

Polymeric materials with interesting physicochemical properties which, after their period of
utilization, degrade to green components are highly sought. Natural polymers have been used as a
starting platform to study the feasibility of such concepts by modifying their primary structure.

Being naturally present in most plants for energy storage, starch is produced on a multi-million
tons scale per year and has found a great number of applications in the food industry (starch is naturally
present in many basic cooking ingredients, but is also used as thickening agent) and mainly in the
papermaking process as an adhesive.

The chemical oxidation of carbohydrates using nitrogen oxides is known since the mid-1900’s,
however, such transformation always requires the use of external, toxic co-oxidants, in order to
regenerate the nitrosonium ion 2, from the hydroxylamine 3. In order to develop a more sustainable and
user friendly process, Schafer and co. reported a selective TEMPO mediated electrochemical oxidation
of potato starch 4 to its corresponding «-p-glucuronan 5 (Scheme 3) [10]. This electro-oxidation of potato
starch was highly selective toward the primary hydroxyl group in the 6-position. The corresponding
polyuronic acid was isolated in 63% yield as a crude product with a 93% conversion of primary
alcohol groups.
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o Glassy carbon electrodes HO,C o
HTO TEMPO (20 mol%) HTO
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OH/OH Na,COj3 (0.4 M), NaHCO3 (0.3 M) OH/"OH
room temperature

300-600 300-600

Potato starch (4) a-D-glucuronan (5)

Scheme 3. Anodic oxidation of potato starch.

The electrochemical transformation delivered a slightly lower yield of crude product compared to
the chemical reaction (>95% selectivity and 98% crude product yield), however, it avoided the need
to employ sodium hypochlorite, previously used in stoichiometric amount to regenerate the active
TEMPO species.

The development of novel electrochemical processes also allows for new applications to be
discovered. Dang et al. reported a one pot electrochemical oxidizing coupling of corn starch and
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natural gelatin [11]. This oxidized corn starch-gelatin material was then dehydrated and granulated
with the spray-dying process. After full characterization, the authors reported that such material could
be used for drug delivery applications.

Cellulose is the most abundant biopolymer on the planet and due to its high level of functionalization,
it is a compound of great interest for a vast number of applications. Electrochemical transformations of
cellulosic materials have been studied mainly toward the development of biobased fuel cells [12] in
order to provide sustainable electricity. However, in such processes, the outcome of the electrochemical
oxidation reaction is of minor importance and the selectivity of the reaction is in most cases not studied,
therefore, such processes are beyond the scope of this review. Recently, Yang et al. documented
a controlled electrochemical transformation of cellulose oligosaccharides 6 into glucose (7) [13].
A hydrothermal pre-treatment of cotton cellulose was first necessary to isolate the desired starting
material oligosaccharides. The optimal reaction condition for the electrochemical transformation of the
obtained oligosaccharides could then be determined. The process which showed the most reactivity
and selectivity toward the formation of glucose was a direct electro-oxidation on a MnO,/graphite/PTFE
anode, in acid media (pH = 3.0). Under this optimized reaction conditions, glucose was formed in 72%
yield with 100% selectivity (Scheme 4).
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Scheme 4. (A) Concept of direct electrochemical transformations; (B) Proposed mechanism of MnO,
catalysed electrooxidation of cellulose to glucose.
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The electrochemical oxidation of cellulose has also been reported using a gold electrode, in alkaline
media (1.3 M NaOH) [12,14]. Although the oxidized products were not clearly identified, it is worth
noting that the authors proposed a detailed mechanism to explain the interaction between cellulose
and the various gold species formed at the surface of the electrode. Indeed, each step of adsorption,
oxidation, desorption of the cellulose could be identified and associated to specific gold species.
The products generated from this reaction are presented as one water soluble material in which some
hydroxyl groups were oxidized to carboxylic acids, and one water insoluble hybrid material made of
cellulose and gold nanoparticles.

A similar study was then performed on the electrochemical oxidation of hemicelluloses materials at
a gold electrode [14]. The authors analysed the responses of various hemicelluloses (xylan, arabinoxylan,
glucomannan, xyloglucan, and glucuronoxylan) in alkaline solution (1.3 M NaOH solution). Although
xylan, xyloglucan and glucuronoxylan were found to be electrochemically active, only xylan was
studied in more details and was submitted to a long-term electrolysis. The analysis of the products form
xylan electrolysis showed a water-soluble material in which OH-groups were oxidized to carboxylic
groups and a xylan-based water insoluble material containing gold nanoparticles.

Raffinose (8), a trisaccharide mostly found in cotton seed, is constituted of galactose, glucose,
and fructose units. The electrochemical oxidation of raffinose was reported using TEMPO as a mediator,
to selectively oxidize the primary alcohol moieties, while leaving untouched all secondary alcohol
groups present on the molecule. The electrochemically oxidized raffinose was then esterified to
trimethyl p-raffinose trisuronate (9) and isolated in 63% yield (Scheme 5) [15].
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Scheme 5. TEMPO-mediated selective electro-oxidation of raffinose (8).
2.2. Disaccharides

Sucrose is a non-reducing disaccharide constituted of p-glucose and p-fructose units which are
glycosidically bonded through their anomeric carbon atoms. Sucrose (or saccharose) is broadly present
in plants and is the main disaccharide feedstock across the globe. It is an important carbohydrate
reserve compound and one of the main energy sources required in the human'’s diet. It is produced
from sugar cane and sugar beet (130 x 10° t/year) [16] and is present in honey, maple syrup, fruits,
and vegetables. Sucrose itself is widely used in the food industry for its sweetening ability. Sucrose
can be functionalized at various positions and therefore can be converted to various interesting
additives. Monocarboxylic acids of sucrose are valuable intermediates in the synthesis of monoesters
and monoamides of sucrose, which are used as for their tensioactive capacities. However, examples
of chemical and electrochemical transformations of sucrose are scarce due to the poor selectivity of
the reactions.

One of the most noticeable examples of electrosynthesis employing disaccharides as starting
material was reported by Lamy and co-authors in 1993 [17]. The authors documented a thorough study
of the electrochemical behaviour of sucrose in various reaction conditions, as well as the capacity of a
range of electrodes to perform the desired oxidation reaction. Due to the known capacity of saccharose
to hydrolyse under acidic condition an alkaline media was therefore used to conduct the experiments.
A vast number of electrode materials were tested and evaluated by using voltammetry analysis. Ir,
Fe, and Co showed no activity toward the oxidation of sucrose; Cu, Ag, Ni, Rh, and Pd displayed
some activity but too weak to be explored further. Lastly, Au and Pt showed good reactivity for the
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oxidation of sucrose. Gold produced a much higher current density than Pt, but required a much higher
working potential for the oxidation to occur. The authors then turned their attention to parameters
such as temperature and initial sucrose concentration. They used a potential step program, designed to
clean the electrode of species which could remain adsorbed to the electrode surface. With the optimal
reaction conditions at hand, a long term electrolysis was performed on a large Au plate electrode with
sucrose (10 mM) in NaOH solution (0.1 M) for 12.5 h, aiming for the specific oxidation of primary
alcohol groups, without cleaving the C-O-C bond. After 12.5 h of electrolysis, 67% of sucrose was
converted to a range of products (Table 1).

Table 1. Chromatographic analysis of long term electrolysis of sucrose on gold electrode.

Identified Product Selectivity
Formic acid 2%
Glycolic acid 6%
Glyceric acid 4%
Hydroxymalonic acid 2%
Tartaric acid 1%
Gluconic acid 4%
Glucaric acid 7%
5-Ketogluconic acid 8%
6-Monocarboxylic acid of sucrose 23%
1’-Monocarboxylic acid of sucrose 26%
Unknown products 17%

In a follow up work, the same group was able to scale up their reaction by adapting it to a flow
cell reactor [18]. The working electrode used in this novel system was a lead-modified platinum
electrode. A similar potential step program as previously reported was employed in order to diminish
to a maximum the electrode poisoning during the reaction, and therefore maintaining the high activity
and selectivity of the electrocatalyst. After 8.5 h, the electrolysis was stopped and the products of the
reaction analysed by different characterisation methods. The overall sucrose conversion was estimated
to 60%, with a selectivity of 80% towards 6-monoacid of sucrose (10) and 10% toward the 1’-monoacid
of sucrose (11). In order to confirm the structure of the reaction products, compounds 10 and 11 were
hydrolysed and the resulting monosaccharide derivatives were analysed (Scheme 6).
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Scheme 6. Sucrose electro-oxidation and hydrolysis leading to the identification of the monomeric
structure of the products.
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Hence, the authors were able to assign with certainty the structure and the selectivity of the
electrochemical oxidative process.

A mediated electro-oxidation of sucrose was also demonstrated by employing TEMPO as the
homogenous mediator [10]. Within the structure of sucrose, the three primary alcohols groups are the
most likely to be oxidised by TEMPO, due to its high selectivity toward primary alcohol oxidation.
When the electrolysis was stopped after the consumption of 6970 C (4.8 F/mol), 83% sucrose was
converted and the three possible sucrose monocarboxylic acid species (such as 10 and 11) could be
observed in various amounts (low to moderate yields). However, when the electrolysis was stopped
after 28,450 C (19.7 F/mol) were consumed, only the tricarboxylic acid species could (16) be observed
and isolated in 39% yield (Scheme 7).
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Scheme 7. Selective mediated electrochemical oxidation of sucrose to the corresponding tricarboxylic acid.

Other disaccharides were also submitted to electrochemical transformations. Trehalose is a
non-reducing sugar constituted of two p-glucose units, linked by a x(1—1) glycosidic bond. Both direct
and indirect electrochemical oxidation of trehalose were studied. Schnatbaum et al. applied a similar
reaction procedure than for the electrochemical oxidation of sucrose, and were able to demonstrate
the ability of TEMPO to act as a selective mediator for the oxidation of «,x-trehalose (17) toward
o,x-trehalose dicarboxylic acid (18) [10]. The desired product was isolated in 61% yield after
consumption of 2010 C (8.8 F/mol). In a later study, Kokoh and co-workers were able to further improve
the TEMPO-mediated electrochemical oxidation of trehalose by fine tuning the electrolysis potential
They were also able to improve the analytical process by transforming 18 into its trimethylsilylated
equivalent for a better detection by GC-MS [19]. Using this processes, the authors were able to report a
full conversion of trehalose (17) to the dicarboxylic product (18).

Parpot et al. studied a direct electrochemical oxidation of trehalose using a gold electrode or a
gold-nickel (70/30) alloy, in alkaline media [20]. It was postulated that combining gold and nickel in
an alloy would produce a great selectivity towards the oxidation of primary alcohols (due to gold),
and high current density because of the nickel atoms. Indeed, saccharide oxidation at nickel electrode
is reported to occur at a high anodic potential, in NiOOH region, but generates low molecular weight
carboxylic acid species. The authors first noticed that trehalose was not showing significant oxidation
signals in carbonate buffer. They attributed this lack of reactivity to the absence of aldehyde/hemiacetal
group, which are found in reducing sugars. Considering this aspect, the authors report changing the
electrolyte from carbonate to NaOH (0.1 M) was significantly beneficial to the reactivity of trehalose
with Au and Au/Ni electrodes. In order to maximise the efficiency of the electrodes, the authors used a
pulse potential program for long-term electrolysis. The aim of this potential program was to perform
the oxidation at potential 0.25 V vs. RHE for 60 s, followed by a cleaning pulse at 1.7 V vs. RHE for 1.
This pulse was used to remove any species which might have remained adsorbed on the surface of the
electrode after the oxidation reaction was done. The end products of the reactions were characterised
by GC-MS and LC-MS. Independently of the electrode used, the main product was the trehalose
monocarboxylic acid (19). Alongside this product, significant amount of trehalose dicarboxylic acid
(17) and glucose were also detected, as well as other acids of low molecular masses (Table 2).

This study showed no significant difference between a pure gold electrode and a gold/nickel alloy
electrode toward the selectivity or the efficiency of the reaction (Table 2) [21,22].
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Table 2. Product distribution after electrolysis of trehalose in alkaline media at gold and gold/nickel

(70/30) electrodes.

% Oﬂ%
0 0 Au or Au/Ni anode HO{o oHOH
HO o OH Pt cathode
OHOHO Cteathode
16 NaOH (0.1 M)

HOHo OHOH

OHOHO

HOpo OHOH
Compounds Au Au/N1
% (Per Mole Oxidised Trehalose)
Conversion 65 61
18 70 66
17 9.5 5
p-glucose 6 10
Glucaric acid 1 0.5
Tartaric acid 0.5 1.2
Tartronic acid 0.5 15
Oxalic acid 1 0.2
Gluconic acid 25 1.5
2,3,4,5-Hydroxypentanoic acid 15 2
Glyceric acid 15 0.6
Glycolic acid 0.5 0.5

Reducing sugars are carbohydrates with an unprotected aldehyde or hemiacetal group.
The reactivity order of the various groups present in reducing sugars toward an oxidative process are
as follow: equatorial secondary hydroxy < axial secondary hydroxy < primary hydroxy < hemiacetal
hydroxy. Therefore, the unprotected hemiacetal group present in disaccharides such as cellobiose,
p-maltose, and p-lactose is the most likely to react first, which could bring further selectivity issues
than with non-reducing sugars.

Cellobiose (19) is constituted by two glucose units, linked by a 3(1—4) glycosidic bond. It can
be obtained from materials such as cotton, jute, or paper after hydrolysis of the cellulose. p-maltose
(23) is a stereoisomer of cellobiose, formed of two glucose units which are is this case linked by an
a(1—4) bond. Due to their similar structure, cellobiose and maltose were often studied in parallel.
Both disaccharides were submitted to similar electromediated oxidation processes by Liaigre et al. [23].
Both 19 and 23 were oxidised electrochemically using TEMPO as a homogeneous mediator, and in
alkaline media (1.0 M carbonated buffer). However, the selectivity of these transformations toward
the corresponding triacid products (20 and 24 respectively) were very low when the reactions were
performed at room temperature, and lead to compounds of low molecular masses such as tartaric
acid and oxalic acid. Cooling the reaction mixture to 2 °C improved significantly the selectivity of
the reaction and the desired tricarboxylic acid products 20 and 24 were reported in moderate to good
yields (Scheme 8).

In a subsequent study Schamann et al. reported the scaling up of the electrochemical oxidation
process of p-maltose (up to 67.5 mmol), and the further transformation of the tricarboxylic acid in the
corresponding trimethyl ester in 50% yield [15,24]. In a comparative study between reductive and
non-reductive sugars, Parpot et al. were able to demonstrate that the selectivity of TEMPO for the
electro-oxidation of 23 was lower than the one observed for trehalose [19]. They attributed this to the
presence of the free aldehyde group. During their investigation the authors were able to detect by
GC-MS the low molecular weight compounds, but also mono-, di-, and tricarboxylic acid products,
in significant amounts.
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Scheme 8. Electromediated oxidation of p-cellobiose (19) and p-maltose (23).

p-Lactose (25) is also a reducing sugar, it is formed of a galactose and a p-glucose subunit, linked by
a 3(1—4) glycosidic bond. Lactose is naturally present in milk, in 2 to 8% by weight and is thus available
in large quantities (about 300,000 t/year). Its TEMPO-electromediated oxidation was also studied by
Shafer and co-workers [15]. p-Lactose was electro-oxidised in alkaline media (NaHCO3/Na,CO3) at
constant potential (E = 0.77 V vs. RHE). Under these reaction conditions, p-lactose was consumed
quantitatively, however, the selectivity of the reaction was poor. Indeed, five different products could
be identified by ESI-MS but were not isolated (Scheme 9). The expected mono, di, and tricarboxylic
acid products 26-28 were present, as well as the diketo product 29. The monosaccharide galactaric acid
(30) was also identified, and arises from the cleavage of the 3(1—4) glycosidic bond. This phenomenon
was also observed during the TEMPO electromediated oxidation of p-cellobiose (19).
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Scheme 9. TEMPO electro-mediated oxidation of p-lactose (25).

The electrochemical behaviour of disaccharides has also been studied in direct oxidation processes
on rare metal electrodes. As previously mentioned, a direct electrochemical transformation gives more
insights on the reaction itself, and in theory, allows a better control on the reaction by being able to
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tune the potential at which the transformation is occurring. Whilst a wide range of metal electrodes
were tested for the electrochemical oxidation of disaccharides (Au, Pt, Ni, Cu, Co, Ru, Cd, Ir), most
reports only documented voltammetric studies, evaluating the electrical response of disaccharides on
the metal electrode. These types of studies were looking for application in sensors, and did not report
the products of the reaction. Only few reports are giving information on the reaction products formed
after a long term electrolysis.

Druliolle et al. studied the oxidation of p-Lactose (25) on platinum and on modified platinum
electrodes in alkaline medium toward the formation of lactobionic acid (26) [25,26]. The authors
first studied the electrocatalytic ability of a smooth platinum electrode to oxidise lactose in a sodium
hydroxide solution (0.1 M), at room temperature using cyclic voltammetry (CV). However, from
this preliminary tests, lactose did not demonstrate good electrochemical reactivity on platinum and
no lactose was oxidised during a long term electrolysis. Then, they evaluated the effect of different
underpotential deposited (upd) metal adatoms. Indeed, the ability of upd adatom to enhance the catalytic
activity of noble metals for electro-transformation of organic compounds is well documented [27-30].
The authors studied the catalytic effect of Tl, Bi, and Pb adatoms on a platinum electrode in 10 mM
of lactose and 0.1 M NaOH. The CV measurements showed some significant differences in terms of
optimal oxidation potential and some drastic increase of current density.

Long term electrolysis of lactose was carried out with bismuth perchlorate salt in NaOH solution
(0.1 M). A potential step program was used to maximise the rate of the oxidation reaction, while
depositing the Bi metal adatoms onto the electrode, and minimising the poisoning of the electrode.
After two hours of electrolysis, the recorded quantity of electricity passed was Qexp = 20.7 C. After
analysing the crude material of the reaction by HPLC, the authors reported that lactose was converted
in 70% exclusively to lactobionic acid (26), and that no other products could be detected by their
analytical method, therefore awarding a nearly 100% selectivity toward 26, with a Faradaic yield of
75%. The lower Faradaic yield compared to the overall selectivity of the reaction can be explained by
the slow decomposition of 26 under the reaction conditions.

Long term electrolysis of p-Lactose on lead adatoms modified platinum electrode in carbonated
buffer was also studied [26]. A similar potential step program was used, with the adatom deposition
plateau, the oxidative plateau, and the final step to remove the poisoning species from the surface
of the electrode. After three hours of electrolysis, the recorded quantity of electricity passed was
Qexp = 15.1 C. After analysing the resulting mixture, the authors report that 78% of the starting lactose
was converted to the desired lactobionic acid with nearly 100% selectivity. If the reaction was continued
to reach four hours, 95% of lactose was converted, but the selectivity toward 26 decreased to 76%,
which can be explained by the slow decomposition of lactobionic acid under the reaction conditions.

Druliolle et al. then turned their attention to gold electrode for the oxidation of p-Lactose (25) [31].
The ability of gold based electrocatalyst to oxidise selectively alcohol groups in alkaline medium was
previously reported by Larew and co-workers [32]. Furthermore, gold is known to be less subject to
poisoning than palladium, which explain the increase of attention which was directed toward this
noble-metal for electrochemical transformations. To determine the optimal reaction conditions for the
electro-oxidation of lactose on a gold electrode, the authors used voltammetric measurements. They
report that a potential step program was used to maximise the oxidation of 25, while minimising the
poisoning of the gold electrode, under alkaline medium (carbonated buffer, 0.1 M). Then, the authors
evaluated the impact of the starting concentration of p-Lactose, as well as the effect of small variation
on the oxidative potential plateau. With the optimal reaction conditions ([lactose] = 10 mM) in hand,
95% of 25 was converted to lactobionic acid, with 98% selectivity after five hours of electrolysis.

By using two complementary IR analytical methods (SPAIRS and SNIFTIRS), the authors were
able to identify the possible steps of the reaction, and therefore to propose a possible mechanism for the
electro-oxidation of p-Lactose at a gold electrode (Scheme 10). During this investigation, the authors
noticed that two different signals, depending on the oxidative potential applied. When the applied
potential of the reaction is below 1.1 V vs. RHE, a characteristic signal of vibration mode was observed,
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which can be attributed to an asymmetric O-C-O bond stretching (Scheme 9, left hand side cycle).
At higher potential, a signal characteristic of a symmetric O-C-O stretching (Scheme 9, right hand
side cycle) bond could be identified. Gold being known for its oxygen adsorption properties, it was
assumed that at low potential, a small quantity of hydroxyl species can be adsorbed on the gold
electrode, and at higher potential, a much larger quantity of gold hydroxide species could be generated.
Despite the differences observed by infra-red spectroscopy, only lactobionic acid was observed after
the reaction, which indicate that at different potential, different mechanisms are taking places, yet
delivering the same product. The authors postulated that once p-Lactose was adsorbed on the gold
surface, either a hydroxide group could attack on the glycosidic carbon, therefore opening the ring
(Scheme 9, left hand side cycle), or if the concentration of gold hydroxide species was sufficient, another
Au-OH group could open the ring (Scheme 9, right hand side cycle). Both intermediate could then
deliver the desired product 26.
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Scheme 10. Proposed mechanisms for the electro-oxidation of p-lactose at different potentials.

In a following study, Kokoh et al. documented the electrocatalytic oxidation of p-Lactose on
nanoparticles of Au-colloids (5 nm), immobilised on a carbon felt electrode, in a flow reactor [33].
The optimal reaction conditions were first determined using CV, which demonstrated that the gold
nanoparticles were able to generate a higher current density than when a plain gold electrode of
three times the size was used. With the information gathered during the preliminary investigation,
the authors determined that a two potential plateau program had to be employed to limit the poisoning
of the electrode, as well as to maximise the oxidation reaction. The electro-oxidation was then carried
out in carbonated buffer (0.1 M, pH = 10.2), and delivered lactobionic acid (26) in 91% yield.

Recently, Parpot et al. described the electrochemical oxidation of cellobiose (19) and p-maltose (23)
on a gold electrode in alkaline media [20]. For each disaccharide, the author conducted preliminary
investigations using CV. From these tests, it was possible to determine the optimal reaction conditions.
As previously mentioned, gold electrodes are subject to poisoning. Therefore, in order to diminish this
undesired phenomenon, a multi-potential plateau program was used for the long term electrolysis of
both cellobiose and p-maltose.

With the optimal reaction conditions at hand, 95% of cellobiose (19) could be converted almost
exclusively to its monocarboxylic acid equivalent, cellobionic acid (27), resulting from the oxidation of
the aldehyde at carbon C1. The dicarboxylic acid product could also be detected in very small amount
(3%) as well as trace amounts of the products resulting from C-C bond cleavage (Scheme 11A).

Then, p-maltose was submitted to its corresponding optimal reaction conditions for long term
electrolysis. However, when p-maltose was submitted to electro-oxidation in NaOH solution (0.1 M),
the reaction proved to be unselective, producing a variety of small carboxylic acids, such as tartaric
acid, formic acid, etc., in non-negligible quantities. Furthermore only 50% of the initial p-maltose was
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converted after eight hours of electrolysis. A second electrolysis of p-maltose was then carried out in
carbonated buffer (0.1 M, pH = 10), using the same potential plateau program. After twenty hours, 79%
of the initial amount of p-maltose (20) was converted, with a selectivity up to 92% toward maltobionic
acid (28), with only 3% of the dicarboxylic acid equivalent being detected, and no degradation products
(Scheme 11B).
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Scheme 11. Direct electro-oxidation at on Au nanoparticles of (A) cellobiose; (B) p-maltose.
2.3. Monosaccharides

Significant interest has been drawn to the oxidation reaction of monosaccharides due to the
variety of high-added-value chemicals which could potentially be obtained. Enzymatic and chemical
processes, stoichiometric and catalytic, as well as homogeneous and heterogeneous catalytic systems
have been reported for such transformations. However, these processes are beyond the scope of this
work, and several reviews focusing on those aspects have been documented [34-36]. Concerning
the electrochemical transformation of monosaccharides, the amount of reports is scarce. Most of the
existing literature is focusing on the development of glucose biosensors to help for diabetic treatment,
or as a reagent for fuel cells for clean energy production. However, in such studies, the structure
of the products generated are generally not investigated. Amongst the electrosynthesis reports of
the transformation of monosaccharides, p-glucose was the most widely investigated because it is
one of the most abundant bio-based chemicals, and it can be converted to a variety of commodity
chemicals [35,37]. In 1910, Lob described one of the first electrochemical oxidation of p-glucose,
in sulfuric acid, with a lead anode and a platinum cathode [38]. The various products obtained were
p-arabinonic acid and p-glucaric acid, as well as some fragmentation by products such as p-arabinose
and formaldehyde. The slow degradation of p-glucose to lower aldoses during an electrolysis in
non-aqueous media was investigated in more details by Hay et al. [39] although, the lack of detailed
information such as yield, efficiency, and selectivity are limiting the comparative analysis.

Isbell and co-workers reported series of efficient indirect electrochemical oxidation of various
monosaccharides into their corresponding aldonic acid salts [40—43]. Their process is based on the
electro-oxidation of sodium or calcium bromide, generating free bromine at the anode, which reacts
with the saccharide to give the corresponding aldonic acid. The calcium carbonate present in the
reaction mixture quenches the acid, maintaining a constant pH (6.2) during the electrolysis (Table 3).
The bromide is continuously regenerated, allowing the conversion of a large amount of sugars while
using only a catalytic amount of bromide salt [40,41]. Most of the aldonic acid salts then crystallises
and the acid form can then be recovered by reacidification and recrystallization [42]. The acid salt
products could also be converted to the corresponding 8- or y-lactones via an acid catalysed process.
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Table 3. Bromide-mediated indirect electro-oxidation of monosaccharides.

Graphite electrodes OH OH O

CaBr, (catalyst) Ho
0 CaCO \/k/\/u\
H?&iti:;;L/OH : ST 9% scaBr+H, 0O,
OH OH

OH
14 29
Entry Monosaccharide Product Conversion Isolated Yield
OH OH OH ©
HO Q HO\/k/-\)J\
1 Hzﬁii::éix,OH T Y OCa 96% 77%
OH OH OH
D-glucose (14) Calcium gluconate (29)
OH OH OH OH O
2 HO&/OH T OCa 98% 54%
OH OH OH
p-galactose (30) Calcium galactonate (31)
OH OH OH O
OH HO. R
HO’T&E:if}L/ : OCa 949% 69%
; HO OH OH OH ° °
p-mannose (32) Calcium mannonate (33)
OH OH O
4 HO OH HO ¢ OCa 91% 40%
OH OH OH
L-arabinose (36) Calcium arabonate (37)
OH O
Hom AN
5 HOA——CH HO™ ™" ™ "OMg 97% 80%
OH OH
p-xylose (34) Calcium xylonate (35)

When xylose was submitted to the electro-oxidation, the current density and the conversion of
the starting material were very promising. However, calcium xylonate appeared to be very soluble,
and therefore could not be separated by crystallisation in an efficient manner. The authors then applied
similar reaction conditions for the electro-oxidation of xylose, but in the presence of strontium or
magnesium bromide and carbonate. This allowed them to isolate the corresponding xylonate salt in
high yields 49% and 80% respectively (Table 3, entry 5) [43].

In a follow up study, the same authors, and others groups, proposed a semi-industrial procedure
for the production of calcium p-gluconate [41,44]. In this process, the calcium p-gluconate was
recovered after the addition of calcium hydroxide, which generate a less soluble basic salt species.
Despite continuing the electrolysis longer than theoretically needed to oxidise glucose to gluconic
acid, a reducing compound remained in solution. After repeating Isbell’s procedure for an electrolysis,
Cook et al. were able to isolate the calcium salt of 5-keto-gluconic acid (36) in approximately 5%
yield [45]; therefore proving that gluconic acid was not the only product of the CaBr, mediated
electro-oxidation of glucose (Scheme 12).

Graphite electrodes
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H OH SH 6 Ao G
on OH OH OH OH
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Scheme 12. Complete analysis of the by-products from the CaBry-mediated electro-oxidation of glucose.

Inspired by the examples of chemical oxidation of simple alcohols and carbohydrates by ruthenium
complex catalysts [46]. Kokoh and co-workers decided to explore the possibility for a selective

53



Molecules 2020, 25, 3712

electro-oxidation of glucose using Ru-based complex catalysts [47]. Azopyridine (azpy) ruthenium
complexes are known to maintain the ruthenium metal at a low redox potential state Ru(IV), which
could be suitable for a selective electrochemical oxidation of carbohydrates [46,48-51]. The authors
reported the synthesis of two isomers y-RuCl,(azpy), and §-RuCl,(azpy), and their immobilisation
on carbon fibre materials prior to their electrochemical characterisation. Using CV measurements on
crude RuCl,(azpy)z, the authors could determine that the redox couple observed in the positive scans
was Ru(IV)/Ru(Ill). Voltammograms of the crude ruthenium complex recorded in the presence on
p-glucose in alkaline medium (0.1 M NaHCO3/Na;COj3) showed no reduction peak, thus suggesting a
fast reaction between the Ru(IV) and glucose. After having proved that the ruthenium complex was
able to react with glucose, the authors set out to perform long term electrolysis. Using their optimal
reaction conditions, p-glucose was electro-oxidised during 45 h at fixed potential in presence of the
crude RuCl,(azpy), catalyst. Analysis of the crude reaction mixture showed a 22% conversion of
glucose toward gluconic acid (29, 11% yield, 50% selectivity) and 2-keto-gluconic acid (37, 7% yield,
33% selectivity). Trace amounts of a tricarboxylic acid could also be detected by LC-MS analysis,
as well as oxalic and tartaric acid. The presence of these low molecular weights acids suggested that
the tricarboxylic acid was hydrolysed which resulted in the C2-C3 bond cleavage [52]. The authors
postulated that glucose is getting oxidised to gluconic acid (29) via the intermediate 5-gluconolactone,
but that the gluconic acid can itself be further oxidised and therefore deliver 2-keto-gluconic acid
(Scheme 13).

OH OH OH OH O OH OH O
HO HO H : :
OH "OH OH Yo OH OH OH O
14 3-glucono lactone 29 37

Scheme 13. Ruthenium-based, electro-mediated oxidation of glucose.

Long term electrolyses were carried out using pure y-RuCly(azpy), and 8-RuCly(azpy),, using the
same reaction conditions as the one used for crude RuCl,(azpy), catalyst. When y-RuCl,(azpy), was
employed, the conversion of glucose increased to 50%, and delivered 29 and 37 in 30% and 18% yield,
respectively. The mediated electro-oxidation of glucose by 8-RuCl,(azpy), gave only 10% conversion
toward 29 mainly (70% selectivity), but gluconic, glucuronic, tartaric and oxalic acid could also be
observed in small quantities. These results show that y-RuCl,(azpy); catalyst is the most active isomer
and can deliver 2-ketogluconic acid (37) in a selective manner.

As previously mentioned, 2,2,6,6-tetramethyl-1-piperidinyl free radical (TEMPO) and its derivatives
are very selective for alcohol oxidation. Such organic homogeneous mediators provide a metal free
option of alcohol oxidation and usually shows great reactivity in mild conditions. Therefore, after having
thoroughly studied the chemical oxidation of glucose with TEMPO and several co-oxidants [53-55].
Ibert et al., decided to investigate the TEMPO mediated electro-oxidation of glucose in alkaline
medium [56]. The authors first evaluated the ability of glassy carbon and platinum to oxidise TEMPO
efficiently. Platinum showed much lower reactivity toward TEMPO than glassy carbon, which also
showed great stability after 10 CV experiments. Glassy carbon was therefore used as the working
electrode. The chemical oxidation of carbohydrates is known to be sensitive to pH changes [53],
therefore, the authors turned their attention to the effect of the pH on the electrochemical oxidation of
glucose by studying the current density during CV measurements. Various carbonated solutions were
used with pH ranging from 7 to 12. The clear trend was that a basic pH is beneficial to the oxidation of
glucose, demonstrating the important role played by the base in such transformation. With the optimal
reaction conditions in hand, it was possible for the authors to attempt a preparative TEMPO mediated
electrochemical oxidation of glucose, targeting glucaric acid (38) as the main product. The first attempts
in undivided cells showed significant limitation due to a lack of control over the parameters of the
reaction. This pushed the authors to move to a jacketed reactor with a control module to regulate the
pH and the temperature of the reaction mixture. In these conditions, the full conversion of glucose
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was achieved with 20% faradaic excess (i.e., the reaction was stopped after the total current collected
exceeded the theoretical value for full conversion by 20%), however, a large amount of by-products
were detected (low molecular weight products from degradation reaction) and the desired glucaric
acid was only formed in poor yield. One of the main by-products detected was a tricarboxylic acid
compound which had never been observed in chemical oxidation of glucose. By using GC analysis,
combined with NMR studies, Ibert et al. were able to unambiguously determine the exact structure
of the tricarboxylic acid (39) [57]. This information, combined with various analytical information,
made it possible for the authors to propose a mechanism explaining the formation of 39 (Scheme 14).
They postulated that the triacid resulted from a benzylic rearrangement at the C-4, C-5, and C-6
centers. This rearrangement could occur via the formation of a diketone intermediate, due to the
over-oxidation of the secondary alcohols of glucaric acid (38). In order to prove their hypothesis,
the authors performed several electrochemical oxidations with compounds such as 2-keto-gluconate,
which they postulated to be intermediates in the formation of 39.
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Scheme 14. TEMPO mediated electro-oxidation of p-glucose (14) leading to p-glucaric acid (38) and
tricarboxylic acid (39).

The presence of 39 and degradation products (oxalic, tartaric, and malonic acid) in large amount,
pushed the authors to reoptimize their reaction conditions. By lowering the temperature to 5 °C,
and increasing the pH of the reaction to 12.2, most of the degradation and over-oxidation products
formation could be inhibited (below 5% was generated). With these new optimal reaction conditions,
an electrolysis of p-gluconic acid instead of p-glucose was performed, and the desired p-glucaric acid
was delivered in 85% yield.

Due to its large availability and the added value of the potential reaction products, glucose has
been the most studied monosaccharide for direct electrochemical transformation. Although the anodic
oxidation of glucose has been studied with a range of metal (Ag, Hg, Ru, Rh, Cu, Nj, Ir, Co, Mg), most
of the literature arguably focuses on the use of Au and Pt working electrodes. Indeed, both metals
reactivity and selectivity for glucose electro-oxidation have first been thoroughly studied and compared
via voltammetry experiments [58-62]. These studies gave insights on various important parameters,
such as the adsorption/desorption ability of the metal electrodes [60-62], as well as the potential
mechanisms for the direct-electro-oxidation of glucose at the surface of the electrodes [58,59]. It was
found that in neutral and alkaline medium, gold electrodes displayed a greater electro-oxidation rate
than any other metals, however, gold was also very prone to poisoning. To gain a deeper understanding
of the electro-oxidation process and improve the performance of the electrodes, the metal surface
was covered by various oxide species, or via underpotential-deposited adatoms (Pb, T1, Bi) [27,30].
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By partially covering the surface of the electrodes, Pt and Au were less sensitive to poisoning, therefore
a higher current response could be observed when put in presence of glucose. However, these
preliminary studies only used voltammetric measurements and did not perform long term electrolysis
to test the stability and the selectivity of the electrodes for glucose oxidation. By basing their process
on the results gathered by these preliminary studies, Belgsir et al. demonstrated that p-glucose
could efficiently be electro-oxidised by a gold anode in alkaline medium [63]. At first, the authors
employed a bare gold electrode using a three-step pulsed potential program to avoid poisoning by
glucose or the reaction products. After 25 h of electrolysis, gluconic acid (29) could be observed in 77%
yield, and glucaric acid (38) in trace amounts. Glucaric acid being a chemical with high added value,
the authors decided to modify the surface of the gold electrode with Pb-adatoms, hoping to increase
the reactivity of the electrode and thus the selectivity toward glucaric acid. The authors tested two
different oxidation potential plateaus, and showed that the selectivity can clearly be changed by the
addition of Pb adatoms and by tuning the potential used for the reaction (Table 4).

Table 4. Chemical and Faradaic yields for the electro-oxidation of glucose on gold and -modified
gold electrodes.

Electrodes (Potentials Vs. RHE)

Product

Au (0.6 V) Au-Pb (0.6 V) Au-Pb (0.9 V)

Gluconic acid 77% 40% 26%
Glucaric acid <1% 25% 38%

Oxalic acid - 2% 3%

Formic acid - 3% 4%
Tartaric acid - - 16%
Glyoxylic acid <1% - -
Glycolic acid - 2% 3%
Glyceric acid - <1% 1%
Faradaic yield 89% 80% 78%

Although the faradaic yield decreased and more degradation products could be observed, these
long term electrolysis showed that it was possible to modify the selectivity and reactivity of a gold
electrode for glucose electro-oxidation by using a suitable potential program and by modifying the
electrode surface with foreign metal adatoms.

Kokoh and co-workers then set out to fully investigate the influence of upd adatoms (Bi, TI,
and Pb) on both Au and Pt electrodes, in acidic, neutral, and basic mediums for the electrochemical
oxidation of p-glucose [64,65]. The voltammograms recorded in acidic medium (HClOy, 0.1 M) showed
that regardless of the electrode metal and of the adatom used, the current densities of glucose oxidation
are very low, suggesting that the reactivity of glucose in acidic conditions is limited. Indeed, when
the reaction mixtures were analysed after 25 h electrolysis, only a very low amount of glucose was
converted to a variety of oxidation and degradation products. When voltammograms were recorded
on Pt and Au anodes in neutral medium (KH,PO,4/NaOH, pH = 7.3), a much greater current density
was observed than under acidic conditions. However, only a limited amount of glucose was converted
(up to 15%) to gluconic acid (up to 12% yield) and traces of glucaric acid with Au anode or traces
of glucuronic acid with Pt electrodes. The authors then moved to investigate the behaviour of Au
and Pt in presence of glucose in basic medium (NaOH 0.1 M) [64]. It is known that Au is the most
efficient electrocatalyst for glucose oxidation in basic conditions, because it generates higher current
densities and is less sensitive to poisoning than Pt [32,66,67]. Kokoh et al. studied the influence of the
concentration of glucose (from 1 mM to 50 mM) on a pure gold anode to gain insights on the rate of the
reaction and on its mechanism using voltammetry. At low initial concentration of glucose, the reaction
is of order one, but at high concentration, a saturation phenomenon is observed and the overall order
drops to zero. The effect of upd T1, Pb, and Bi adatoms was also studied on a gold electrode in alkaline
media. Although the voltammograms remained unchanged with and without adatoms, the current
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density increased during the electrolysis of glucose in presence of upd adatoms. When comparing
the results of long electrolysis of glucose (14) performed on pure Au, Au-Bi, Au-Tl, and Au-Pb,
gluconic acid (29) appeared to be the main product for every system. However, the Au-Pb adatom
electrocatalyst also produced a significant amount of glucaric acid (38). This system was then studied
further, by modifying the potential at which the oxidation reaction was occurring (0.5, 0.6, and 0.9 V vs.
RHE). The trends observed were that the highest concentration of gluconic acid was obtained at lower
potential (75% of the oxidised glucose), and that at higher potential, glucaric acid could was becoming
the major product of the reaction (37% of the oxidised glucose) after 24 h of electrolysis. However,
at high potential more degradation products (tartaric, oxalic, formic, and glyoxylic acid) could be
observed in small quantities. The authors then looked at the glucose electro-oxidation on a Pt anode in
basic conditions. After 21 h of electrolysis, 70% of glucose was converted to gluconic acid (29) as the
main product (50% yield), and other degradation products. They then moved to electro-oxidation of
glucose on a Pt electrode with Pb adatoms, using the same reaction conditions as the one used for the
pure Pt electrode. A significant increase in current density was observed during the 24 h electrolysis.
Within 4 h, the conversion of glucose (14) was nearly complete, and the concentration of gluconic acid
(29) reached its maximum (70% yield). After the first 4 h, the gluconic acid concentration dropped
to almost zero and the concentration of by-products (oxalic acid: 60%, 2-ketogluconic acid (37): 30%,
other degradation products: traces) increased. The difference observed in the distribution of the
by-products of the reaction when Pb adatoms were added to a Pt anode, lead the authors to propose
possible mechanisms. For the electro-oxidation of glucose on pure Au or Pt, Kokoh and co-workers
suggest that the mechanism follow similar steps (Scheme 15A). First is the adsorption/dehydrogenation
of glucose at the electrode surface. Then, the free sites of the electrodes oxidise to metal-hydroxide
species. The interaction of the two chemisorbed intermediates can then react and release gluconic acid.
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Scheme 15. (A) Proposed mechanism for Au or Pt anodic oxidation of p-glucose; (B) Proposed
mechanism for the formation of 2-ketogluconic acid for gluconic acid.

When Pb adatoms were adsorbed on the electrode surface, p-gluconic acid (29) was generated rapidly
and then consumed, leading to the formation of by-products, and more particularly 2-keto-gluconic
acid. Taking this phenomenon into account, the authors generated the following hypothesis to explain
the formation of this by-product mostly in the presence of Pb adatoms (Scheme 15B). It is postulated
that the formation of gluconic acid follows the same pathway as it does with pure metal electrodes.
However, once the gluconic acid is desorbed from the surface, it is possible that a new surface/chemical
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interaction occurs. Indeed, due to their free p-orbitals, Pb adatoms are able to coordinate with one
oxygen from the carboxylic group and the oxygen from the C2 carbon. Then a free site the Pt electrode
surface can dehydrogenate the C2 carbon, generating the 2-ketogluconic acid. Kokoh et al. then
studied the electrochemical oxidation of p-gluconic acid at Pt and Pt-Pb adatoms anodes under basic
conditions (0.1 M NaOH) [68]. After long term electrolysis with either pure Pt or Pt-Pb adatoms
electrode, the distribution of products was significantly impacted by the presence of the Pb on the
electrode (Scheme 16). The oxidation of gluconic acid oxidation on a pure Pt electrode appeared to be
very slow and yielded mainly glucuronic acid (40). When Pb adatoms were adsorbed on the surface of
the anode, much higher current density could be reached, and the main product of the reaction was
2-ketogluconic acid (37), while glucuronic acid was not observed. These observations were confirming
the hypothesis that Pb was orienting the oxidation of gluconic acid on the C2 carbon by coordinating
to the carboxylic acid group and the C2 hydroxyl group as shown in Scheme 15B.

oH ?H Q Pt anode oH C;)H Q Pt-Pb anode oH ?H Q
Ox on —— o on ———— o OH
OH OH OH OH OH ©
glucuronic acid (40) gluconic acid (29) 2-keto-gluconic acid (37)

Scheme 16. Product dependence on the electrode surface.

Similar results were obtained when Tl adatoms were adsorbed on a Pt anode for glucose
electro-oxidation [69]. Glucuronic acid (40) was detected in very small amount, gluconic acid was the
major product of the reaction, and the concentration of 2-keto-gluconic acid (37) increased with the
potential of the reaction (1% yield at E = —0.15 V vs. RHE; 14% yield at E = —0.02.V vs. RHE).

To deepen the understanding of the reactivity of p-glucose on a Pt electrode for anodic oxidation,
Largeaud et al. set out to study the difference in behaviour of the two main dissolved anomeric forms
of glucose («x and P) [70]. Indeed, the free linear aldehyde form of p-glucose is known to be the minor
form in solution, and the & and 3-glucopyranose forms are in an equilibrium of approximately 33% and
67% respectively. The authors evaluated the stability of « p-glucose and 3 p-glucose at low temperature
in acidic, neutral, and basic conditions by polarimetric measurements. In acidic and neutral medium,
the starting form of « or 3-glucose used to make the solution remained the major anomer in solution
after 5 h in solution. However, in alkaline medium, (3 p-glucose rapidly became the main anomer in
solution, independently of the crystalline form used to make the solution. The authors then performed
voltammetric measurements, in acidic and basic reaction conditions at low temperature. In basic
medium, the § p-glucose being the major form in solution, it is difficult to draw conclusions on the
reactivity of the o anomeric form. However, the CV measurements in acidic condition of the & and
of the 3 p-glucose forms showed some clear difference of reactivity. Indeed, the 3 p-glucose showed
much higher current density than the o p-glucose, suggesting a much higher reactivity of the 3-anomer
on a Pt anode. The hypothesis proposed by the authors is that the 3 conformation allows the most
planar approach of the glucose molecule to the electrode surface, leading to a better interaction and a
more rapid reaction. By analysing the solution during and after long term electrolysis experiments in
basic medium, gluconic acid seems to be the final product of the reaction, but 5-gluconolactone could
be detected and was assumed to be an intermediate during the transformation.

By using in situ reflectance infrared spectroscopic techniques (SPAIRS and SNIFTIRS), Beden et al.
were able to give more details to the electro-oxidation of the 3 p-glucose anomer on a Pt anode in alkaline
media [71]. With these investigations, the authors were able to propose a detailed mechanism for the
electro-oxidation of 3 p-glucose in alkaline medium on a Pt anode. The first step is the chemisorption of
glucose onto the surface at a free platinum site. At a potential lower than 0.6 V vs. RHE, the adsorbed
dehydrated species can then be further oxidized as a weakly adsorbed gluconate via two different
possible mechanisms, which depend on the potential applied to the reaction. The gluconate can
easily desorb from the surface as a gluconate species (Scheme 17A). At potential higher than 0.6 V
vs. RHE, the adsorbed dehydrated glucose species generates by oxidation a 6-gluconolactone species.
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This species can desorb and by hydrolysed to deliver gluconic acid or can remain weakly bonded to
the surface while being oxidized, leading to a weakly bonded gluconate (Scheme 17B).
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Scheme 17. Proposed mechanisms for the Pt electro-oxidation of glucose to gluconic acid (29) at low
potential (A) and at high potential (B).

The ability to change the selectivity of the electro-oxidation of glucose by tuning the reaction
potential was also exemplified on Au electrode by Moggia et al. [72]. Indeed, the authors studied the
reactivity of p-glucose in alkaline media on a pure gold electrode, targeting p-glucaric acid as the main
product of the reaction, using voltammetric measurements. In order to assign the peaks observed
during CV experiments with p-glucose, they studied the response of the potential intermediates of the
reaction, glucuronic acid (40), gluconic acid (29), and glucaric acid (38).

These measurements allowed them to clearly identify the potential at which glucose was oxidised
to gluconic acid (0.55 V vs. RHE), and the potential for the oxidation of gluconic to glucaric acid
(1.3 V vs. RHE). Then, by applying the appropriate potential for gluconic acid, the authors report 87%
selectivity toward 29 and only trace amounts of 38 detected. When the potential was then increased to
favour glucaric acid formation, the selectivity reached 14% and the selectivity toward gluconic acid
decreased to 66%, thus demonstrating the relationship between the potential of the reaction and the
selectivity of the outcome.

Due to the scarcity and the high price of noble metals such as Pt and Au, pure metal electrodes are
not easily scalable because high costs that are involved. In order to lower the amount of metal loading
on the anode, whilst preserving the selectivity and the reactivity of the metal, Holade et al. reported a
selective electro-oxidation of glucose using Au nanoparticles on carbon as the anode material [73,74].
The aim of their work was to develop a highly efficient fuel cell which harvests electrical power from
the oxidation of glucose, while producing added value chemicals. At first, the authors studied the
reactivity of glucose toward the Au nanoparticles via CV paired with infrared analysis. These analyses
revealed that glucose was successfully adsorbed on the Au nanoparticles, and could be oxidised rapidly
without generating any C-C bond cleavage, and a fast hydrolysis of gluconolactone, which proved
to be an inevitable intermediate. Long term electrolysis were then performed for 7.5 h under basic
conditions (0.1 M NaOH). Gluconate was detected as the major product of the reaction (65% yield)
with a nearly 100% faradaic efficiency. The reaction was followed by IR spectroscopy to verify that at
any stage of the reaction, no C-C bond cleavage occurred.

Bimetallic nano-objects were also investigated as electro-catalyst for glucose electro-oxidation
in NaOH solution (0.1 M). Rafaideen et al. recently reported the study of carbon-supported PdAu
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nanomaterials for selective oxidation of monosaccharides [75]. At first, the authors evaluated separately
the activity of Pd and Au on carbon. They noticed that Au was significantly more active toward glucose
oxidation. The authors then set out to test the electrocatalytic activity of the bimetallic PdxAuj(/C
for monosaccharide oxidation in alkaline medium. By using voltammetric measurements, it was
possible to prove that Pd rich catalysts and Au rich catalysts behaved similarly to their respective
pure metal equivalents. However, the changes detected were believed to be related to the surface
composition rather than to the bulk composition. It was observed that at low potential (<0.9 V vs. RHE),
the activity of the catalyst increases with the increase of Au content up to 70% and then decreases, with
Pd3Auy/C showing the highest catalytic activity. With the optimised reaction conditions, p-glucose
(14) was electrolysed at a Pd3Auy/C anode in basic medium. After 6 h of electrolysis, 67% of glucose
was consumed, and gluconate (29) was detected in 58% yield (selectivity towards gluconate of 87%),
and very small amount of over-oxidation products could be detected. The authors then applied the
same process to the electro-oxidation of p-xylose (34), which consumed up to 52% of xylose after 6 h of
electrolysis, to deliver xylonate (35) in 48% yield and 92% selectivity.

Although most of the research arguably focused on the electrochemical behaviour of p-glucose,
other monosaccharides could also be successfully electro-oxidised on Au or Pt electrodes. Xylose,
as previously mentioned, has been electrochemically oxidised on Au and Pt electrode by
Governo et al. [76]. The authors studied the catalytic activity of both metals for anodic oxidation of
p-xylose (34) in alkaline medium using voltammetric measurements. They evaluated the effect of the
concentration of xylose and of the temperature. By studying the effect of the pH, it was possible to
show that on both Au and Pt, a high concentration of NaOH could contribute to the inhibition of the
reaction. To avoid the electrode poisoning, a program of potentials was designed for each electrode
to perform electrolysis. Au showed significantly better reactivity than Pt for the electro-oxidation of
xylose (98% and 26% conversion respectively) and selectivity toward xylonic acid (35) (Table 5).

Table 5. Direct electro-oxidation of xylose at Au and Pt anodes.

metal anode
Pt cathode
Ho/mo/ NaOH (0.1 M) /\/?i)oj\
HO OH — HO™ ™ <~ “OH
OH room temperature = -
4-6h OH OH
34 35
Chemical Yield (%)
Product
Au? PtP
Xylonic acid (35) 61 5
Glioxylic acid - 4
Tartronic acid 4 1
Glyceric acid 6 3
Oxalic acid 7 -
Glicolyc acid 6 3
Formic acid 3 2
Tartaric acid 5 -

Chronoamperometry carried out for a: 6 h; b: 4 h.

The oxidation of p-galactose (30), a C-4 epimer of p-glucose, has been reported under homogeneous
and heterogeneous catalysis [77,78]. However, its electrochemical oxidation has been scarcely investigated.
Parpot et al. documented the electrochemical transformation of p-galactose (30), and compared the
selectivity and reactivity of Pt, Pt-Pb, and Au electrodes in alkaline medium [79]. For the long
term electrolysis, the appropriate potential step programs were used. These potential programs
were optimised with the information gathered with preliminary voltammetric measurements with
the corresponding electrode. The electro-oxidation of p-galactose was carried out for 25 h at room
temperature in 0.1 M NaOH solution. For the three electrodes, p-galactonic acid (31) was the main
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product of the reaction, however, Pt-Pb and Au electrode were significantly more selective toward 31
than the smooth Pt electrode, and Au was also more reactive, converting a greater amount of 30 than
any other electrode (Table 6).

Table 6. Direct electro-oxidation of p-galactose.

metal anode
Pt cathode
H
HO OH room temperature H OH
30 31
Chemical Yield (%)
Product
Pt Pt-Pb Au
Galactonic acid (31) 34 67 86
Galactaric acid 1 1 3
Glycolic acid 10 1 1
Oxalic acid 2 Traces Traces
Glyoxylic acid 2 Traces -
Glyceric acid 4 Traces 1
Formic acid 10 Traces Traces
Tartaric acid 1 Traces 1
Tartronic acid 3 Traces Traces

In this study, the authors propose a mechanism which follows the same steps as the ones described for
the electrochemical oxidation of p-glucose at Pt, Pt-Pb and Au electrode (see Scheme 15A,B). The amount
of galactaric acid generated during the electro-oxidation of galactose could be significantly increased by
readjusting the oxidation plateau potential used [22]. Parpot et al. showed by employing voltammetry
experiments that the enediol tautomer plays an important role in the oxidation of the primary alcohol
of p-galatose on Au electrodes. Indeed, without this enediol form, the electro-oxidation of the primary
alcohol is significantly disfavoured compared to the electro-oxidation of the aldehyde/hemiacetal
group. It was also possible to show that the adsorption of the enediol species occurs at higher potential
than the one used for aldehyde adsorption. Furthermore this study demonstrated that the relative
position of the hydroxyl groups has an influence on the current density. Indeed, trans-diols are known
to be more reactive than their cis-isomer on at Au electrode [80]. which seems to also apply for
saccharides electro-oxidation. Therefore, by modifying the potential program to favour the enediol
adsorption/oxidation, the authors were able to generate galactaric acid in 20% yield after 7 h of
electrolysis under basic conditions (0.1 M NaOH). However, more degradation products, resulting
from C-C bond cleavage, could also be observed.

The direct electrochemical oxidation of p-mannose (32) was also studied on Pt and Au electrodes [81].
Parpot et al. studied the behaviour of p-mannose to acidic, neutral, and basic conditions on each electrode.
They found that, like p-glucose, p-mannose showed very limited reactivity toward Au or Pt in acidic
media, and that the current density increased with the increase of the pH. Therefore, for the rest of the
study, b-mannose was only submitted to basic conditions (0.1 M NaOH). The authors then looked at the
influence of temperature and initial concentration of p-mannose. The smooth Pt electrode displayed
low current density compared to Au, therefore upd Pb adatoms were also studied and proved to
be very beneficial to the current density displayed. With the optimal reaction conditions in hand,
p-mannose was then submitted to long term electrolysis at Au and Pt-Pb adatoms electrodes. Ata Au
electrode, 85% of the initial p-mannose was converted in 6 h of electrolysis and showed 49% selectivity
toward p-mannonic acid (33, 42% yield). Beside 33, a few low molecular weight acids arising from C-C
bond cleavage could be detected in small amount (Table 7). For the direct electrolysis of b-mannose
at the Pt-Pb adatoms electrode, 80% conversion of p-mannnose (32) was reached in 11 h. The main
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product was also p-mannonic acid (33, 50% yield), showing a slightly better selectivity than the pure
Au electrode (Table 7).

Table 7. Direct electro-oxidation of p-mannose (32).

metal anode
" on Eta((:)alflh?oé? M) OH OH O
HO OH room temperature z
6to11h OH OH
32 33
Chemical Yield (%)
Product
Au Pt-Pb
Mannonic acid (33) 42 50
Mannaric acid 2 2
Mannuronic acid 2 -
2,3,4,5-Hydroxypentanoic acid 2 4
Formic acid 2 1
Glycolic acid 2 4
Tartronic acid 4 2
Glyceric acid 1 1
Oxalic acid 6 1
Glyoxylic acid 4 3
Tartaric acid 4 4

Although Au- and Pt-based electrodes have been the most widely studied, other metal-based
electrodes have been reported for the selective, direct electrochemical oxidation of monosaccharides.
For instance, the electrochemical oxidation of monosaccharides at various copper-oxide-modified
electrodes has been investigated, mainly for detection purposes [21,82,83]. However, some studies do
report the products resulting from prolonged electrolysis [84-86]. The long term electrolysis of glucose
on a Cu based electrode (plain Cu plate, Cu-oxides or Cu alloys) mostly resulted in the formation of
one product: formate (Scheme 18). Indeed, each mol of initial glucose could be transformed via C-C
bond cleavage to 6 moles of formic acid in basic media (0.1 M NaOH). Sorbitol and xylose appeared to
follow the same process, generating 6 moles and 5 moles, respectively.
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HO Cu Cu Cu Cu Cu
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Scheme 18. Proposed mechanism for Cu based electro-oxidation of glucose.

Certain kind of Rh porphyrins, adsorbed on a carbon electrode have also been reported for their
high activity and selectivity toward glucose electro-oxidation [87]. In their study, Yamazaki et al. have
employed four different porphyrin ligands to generate Rh complexes. They evaluated the performance
of each catalyst by CV in alkaline medium (0.1 M NaOH) and selected the most active form of the
Rh porphyrin complex, [RhI'(DPDE)]*. With the appropriate catalyst, glucose was electro-oxidised
for 3hin 0,1 M NaOH. Gluconate was the desired product in this reaction, and its concentration was
determined by enzymatic method using gluconate kinase and 6-phosphogluconic dehydrogenase.
Only a very small amount of gluconate could be detected (<1% yield), however a faradaic yield up to
73% was achieved due to the very low current running through the electrochemical cell.

To control the electro-oxidation of glucose to gluconic acid (29) and glucaric acid (38), Bin et al.
employed an electrocatalytic reactor with a tubular porous Ti anode loaded by sol-gel method with
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nano-sized MnO; [88]. The flow rate used during the electrolysis was adjusted to ensure that the
maximum amount of d-glucose could be oxidised, while maintaining a high selectivity and avoiding
over-oxidation. The effect of the loading of MnO; on the Ti electrode was also investigated, as well as
the pH. Surprisingly, the conversion of glucose was not strongly dependent on the pH. Indeed, from
acidic (pH = 2) to basic (pH = 10), the conversion was always above 90%. However, the selectivity
toward 29 and 38 appeared to be improved when the pH was neutral. The temperature also had an
impact on the selectivity but also on the overall conversion of glucose, which significantly decreased
when the reaction was performed at a temperature above 30 °C. The authors explain this observation by
the fact that the adsorption process is unfavoured with high temperatures. Performing the electrolysis
at the most favourable conditions, 93% of the initial p-glucose was converted mainly to both gluconic
acid (42% yield) and glucaric acid (44% yield).

Nickel-based electrodes have also been investigated for the electro-oxidation of mono-saccharides.
Indeed, Parpot et al. first documented the direct electrochemical oxidation of p-galactose (30) on a
nickel electrode in alkaline medium (0.1 M NaOH) [79]. Two types of long term electrolysis were
carried out: one with a constant potential and one with a step potential program. In both cases,
the conversion of p-galactose was low (17% and 43% respectively). Although p-galactonic acid (31)
was detected as the major product of the reaction, only small amounts were generated (9% at constant
potential and 7% with the plateaus potential program). These electrolysis also produced various low
molecular weight acids (formic, glycolic, oxalic acid). The poor yield of 31 can be explained by the
competition reaction between the desired oxidation, the degradation responsible for low molecular
weight compounds formation, and water oxidation. The oxidation of galactose on a Ni anode occurs
near the oxygen evolution potential region. This suggests that the surface is covered with NiOH and
NiO species which can react with galactose (or galactonic acid) and generate the C-C bond cleavage
products (Scheme 19).
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Scheme 19. Proposed mechanism for degradation of galactose on a Ni anode.

Similar results were observed for the electrochemical oxidation of p-mannose (32) on a Ni electrode
under basic conditions (0.1 M NaOH) at constant potential [81]. The conversion of p-mannose was very
low (35%), and a significant amount of degradation products were presents, some in larger quantities
than the desired p-mannonic acid (33, 3% yield).

More recently, Liu et al. reported that nanostructured NiFe oxides (NiFeOyx) and NiFe nitrides
(NiFeNy) catalysts exhibit a great activity and selectivity toward the electrochemical oxidation of
p-glucose (14) [89]. The authors used nickel foam as a support as a Ni source for the catalyst and to
ensure a 3D structure to the electrode. Then, the resulting oxides and nitride electrodes were tested
in 1.0 M KOH solution (pH = 13.9), for p-glucose oxidation. The preliminary tests showed that the
electro-oxidation of glucose happened at a lower potential than the oxygen evolution reaction, which
was presumed to be the main undesired side reaction. NiFeOy appeared to be more active than NiFeNy
toward glucose oxidation. By analysing the electrode materials after electrolysis of glucose, NIOOH and
FeOOH species were detected. The authors postulated that these species are the catalytic active sites of
the electrodes responsible for the glucose electro-oxidation reaction. Then, they turned their attention
to evaluating various parameters such as the reaction potential and the initial glucose concentration.
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The authors were able to carry out long term electrolysis with both catalysts. Both NiFeOy and NiFeNy
converted glucose very efficiently (91% and 93% respectively), and with great selectivity toward
glucaric acid (38, 71% and 64% yield respectively) after 18 h. The monitoring of the reaction allowed
the authors to see the initial formation of gluconic acid (29) and then its conversion to glucaric acid (38).
The catalysts also showed great stability, when five chronoamperometric measurements were carried
out the conversion of glucose slightly decreased but the faradaic efficiency remained almost unchanged.
By using IR and NMR spectrometry, the authors were able to identify various intermediates and
products of the reaction, and proposed the following reaction pathway for the NiFe anodic oxidation
of p-glucose (Scheme 20).

OH OH 5o OH OH 5 e OH OH oo O OH OH
== - OH ==~ OH =~ o)
OH OH O oxidation OH OH O oxidation OH OH O oxidation OH OH
14 29 40 38
Dehydration Rearrangement Dehydration
OH OH HQ S
HO,C
HO OH HO HO OH
OH OH ~O OH HO OH
14 40 D-glucaric acid

1,5-gluconolactone

pyranuronic form glucuronic acid 1,4 lactone

Scheme 20. Possible reaction pathway for NiFe anodic oxidation of p-glucose.

2.4. Summary

The electrochemical oxidation of saccharides has attracted a lot of attention in the past century.
Although it is difficult to compare different studies between themselves because they all use different
reaction parameters, it seems necessary to clarify which electro-catalysts seems promising and
for which time of transformation. The time of reaction being different in each example is not
taken into consideration, as well as the pH of the reaction. However, it is worth noting that the
electrochemical oxidations of saccharides are almost exclusively performed at high pH. Indeed, at low
pH, the saccharide are likely to degrade through cleavage of the C-O-C bond or the opening of the ring.
The few electro-oxidations documented to happen in acidic medium mainly lead to the corresponding
hydration products (for poly- and di-saccharides) as well as degradation products.

For the indirect electro-chemical oxidation of saccharides, the most explored and promising
mediator is TEMPO. It has been successfully used on poly-, di-, and monosaccharides. TEMPO
selectively oxidises primary alcohols and is able to deliver triacids when used on disaccharides such as
p-raffinose with 63% yield, but also with cellobiose and p-maltose, although less selectively. Dicarboxylic
acid could also be obtained in 61% when TEMPO was used to oxidise trehalose. The TEMPO mediated
electrochemical oxidation of monosaccharides such as p-glucose yielded the corresponding mono- and
disaccharide products and the selectivity could be tuned to favor one or the other.

A vast number of metal electrodes has been investigated for the direct electro-oxidation of
saccharides, and it is therefore complex to identify which is the most promising, the most reactive,
or the most selective. However, it is very clear that Au is the most investigated metal. It was tested
with poly-, di-, and monosaccharides, with and without adatoms. Pure Au plates were used as well as
nanoparticles. In all reports, the major product isolated with Au as the electrocatalyst is the mono
carboxylic acid equivalent of the starting saccharide. Pt was also extensively studied and demonstrated
similar selectivity as gold, but usually lower reactivity. When a NiFe electrocatalyst was used on
p-glucose, the major product isolated was p-glucaric acid (71% yield), therefore showing a different
selectivity than the other catalysts. Finally, when Cu was used as electrocatalyst with monosaccharides,
formate appeared to be the only product formed quantitatively (Table 8).
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Table 8. Summary of the direct electro-oxidation of saccharides.

Starting Main Reaction . ..
Material Catalyst pH Product Yield Selectivity
Cellul Au Alkaline Polyoxidised cellulose
elulose MnO, Acidic Glucose 72% 100%
Hemicellulose Au Alkaline Polyoxidised xylan
S Au Alkaline 1’- and 6-mono acid 17% and 15% 26% and 23%
ucrose Pt-Pb Alkaline 6-mono acid 48% 80%
Trehalose Au Alkaline Mono acid (18) 46% 70%
L Au Alkaline Lactobionic acid 93% 98%
actose Pt-Pb Alkaline Lactobionic acid 78% 100%
Cellobiose Au NP Alkaline Cellobionic acid >90% >95%
Maltose Au Alkaline Maltobionic acid 73% 92%
Au Alkaline Gluconic acid 77% 90%
Au NP Alkaline Gluconic acid 65% 100%
PdAu NP Alkaline Gluconic acid 58% 87%
Glucose Pt-Pb Alkaline Gluconic acid 70% 75%
Cu Alkaline Formate 99% 100%
MnO, Neutral Glucaric acid 42% 47%
NiFe Alkaline Glucaric acid 71% 78%
Xvlose Au Alkaline Xylonic acid 61% 62%
Y PdAu NP Alkaline Xylonic acid 48% 92%
Au Alkaline Galactonic acid 86% 92%
Galactose Pt-Pb Alkaline Galactonic acid 67% >95%
Ni Alkaline Galactonic acid 9% 53%
Au Alkaline Mannonic acid 42% 49%
Mannose Pt-Pb Alkaline Mannonic acid 50% 63%
Ni Alkaline Mannonic acid 3% 9%

3. Electrochemical Reduction of Biomass

3.1. From Polysaccharides to Monosaccharides

The electrochemical reduction of saccharides has been studied extensively since the early 1900s.,
but arguably, most of the effort in this domain has been focusing towards the electroreduction of
p-glucose (14) toward the corresponding alditol: sorbitol (41). Alditols have found a wide range
of applications across various industries [90]. nevertheless, their current way of production is via
catalytic hydrogenation processes which require high temperature and high pressures [91]. Therefore,
the development of a greener, more user friendly, and sustainable way to produce such polyols is
greatly sought after.

Amongst the first examples of electrochemical reduction of glucose, it was found that under
acidic reaction conditions, a lead cathode does not generate the desired alditol but p-arabinose and
formaldehyde [38]. Other studies focused on monosaccharides electroreduction under basic or neutral
reaction conditions. Creighton etal. reported the successful electrochemical transformation of p-glucose
(14), p-mannose (32), p-fructose (13), and p-xylose (34) to the corresponding alditols in neutral medium
(NapSOy) [92]. Preliminary tests were performed on the electroreduction of p-mannose (32) on a Hg
cathode. The authors evaluated various parameters such as the temperature, the initial concentration
and the pH. Mannitol (42) could be isolated in 62% yield. Despite these promising results, the use of an
amalgamated Pb cathode instead of Hg was explored, due to the numerous disadvantages Hg brings.
p-glucose was then used for the preliminary tests. Due to isomerisation equilibrium between glucose,
fructose and mannose, the authors anticipated that it could be possible to generate not only sorbitol
from glucose, but also mannitol (Scheme 21). After screening the same parameters as previously used,
it was clear that the hydroxyl ion concentration in the catholyte influenced greatly the selectivity of the
reaction. Indeed, at low concentration of NaOH (2.5 mM), no mannitol was generated and sorbitol
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was isolated in 59% yield. However, with a high concentration of NaOH (0.75 M), 42 was isolated in
13% yield, and 41 was isolated in 47% yield. The authors also reported the successful conversion of
xylose (34) to xylitol, galactose (30) to dulcitol, and lactose (25) to a mixture of dulcitol and sorbitol,
however, no information was given on the selectivity and the efficiency of these electrochemical
reductions. From the range of parameters tested and by varying the reduced saccharides, the authors
postulated that Pb and Hg were good cathode materials for poorly reducible compounds due to their
high overpotential for hydrogen evolution.

OH OH OH O OH OH
o . - . e
HO Y & =~ HO Y OH —r HO Y &
OH OH OH OH OH OH
D-glucose (14) fructose (13) D-mannose (32)
+2e t2e
+2 H* +2 H*
OH OH OH OH
HO™ ™ OH HO ™ OH
OH OH OH OH
sorbitol (41) mannitol (42)

Scheme 21. Possible mechanism for electroreduction of p-glucose (14) to sorbitol (41) and mannitol (42).

The electrochemical reduction of saccharides was used industrially to generate the corresponding
alditols. However, a range of undesired by-products were also present, depending on the reaction
conditions. Wolfrom et al. documented a very thorough study to characterise the various products
present after the electro-reduction of glucose on a Hg cathode [93-97]. From the commercial sorbitol
(41) in weakly alkaline medium (pH = 7-10) and at a temperature below 30 °C, p-mannitol (1% yield),
and 2-deoxysorbitol (43, 5% yield) could be isolated. When glucose was electro-reduced to sorbitol in highly
basic conditions, (pH = 10-13), a more complex mixture was present at the end of the reaction. As expected,
sorbitol (41) and mannitol (42) were isolated, as well as 2-deoxysorbitol (43) and 1-deoxymannitol (44).
p,L-glucitol [96] and a dodecitol [97] were also detected. The formation of dodecitol was assumed to
arise from the electroreduction of the aldehyde group of two glucose molecules.

The use of alkaline electrolytes is beneficial for the reactivity of the electrodes for the reduction of
monosaccharides but is detrimental to the selectivity of the reaction because it favours the isomerisation
reaction of glucose to mannose and fructose. By using sulphate solutions as electrolyte, this problem
was solved. Despite their nearly neutral pH, the hydrogen evolution reaction at the electrode surface
generates a layer of higher alkalinity, which is favourable for the electroreduction of glucose to sorbitol.
Rice and co-workers reported that, in such condition and on a Pb cathode, sorbitol was the major
product detected after only 4 h of electrolysis, and the concentration of the undesired fructose and
maltose started increasing only after longer electrolysis [98]. The authors reported in their study the
influence of various parameters such as the pH, the initial concentration of glucose, and the flow rate on
the current density at 20 °C. The addition of Zn?* in the catholyte had been used industrially to improve
the rate of the reaction. The authors investigated how the Zn?* ions impacted the reaction. They
observed that the Zn was deposited on the electrode surface, which increased the overall surface area
of the electrode, thus the rate of glucose electroreduction will increase. The authors also hypothesized
that Zn could have a dual effect by acting as a co-catalyst for the electroreduction reaction.

The electrochemical reduction of glucose on Zn on carbon nanotubes (CNTs) grown on a graphite
electrode was documented by Fei et al. [99]. At first, the authors studied the variation of reactivity
between a flat Zn, a Zn/graphite, and a Zn/CNTs electrodes in weakly alkaline medium (0.1 M NaSQOy,
pH = 11) using CV measurements. The flat Zn and the Zn/graphite electrodes displayed similar
behaviours, but the Zn/CNTs electrode showed an increase of the reduction current in the presence of
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glucose, due to the high surface area provided by the CNTs. The 3D structure of the CNTs provided a
much larger zone of higher alkalinity in the solution than on a flat electrode, which is known to be
beneficial for the conversion of the cyclic hemiacetal form of glucose to its electroreducible aldehyde
form, thus explaining the higher efficiency of the Zn/CNTs electrode to reduce glucose. However,
the electrode stability was very low (50% loss of efficiency in 4 h), probably due to the dissolution
of Zn on CNTs which happens during the electrolysis of glucose. In order to improve the electrode
stability, Zn-Ni and Zn-Fe alloys were deposited on CNTs. Both electrodes display similar reactivity
as the Zn/CNTs electrode, but with slightly higher hydrogen evolution current. The Zn-Fe/CNTs
and Zn-Ni/CNTs electrodes showed better stability than the Zn/CNTs electrode. Indeed, after 8 h of
electrolysis, the current decreased but significantly less than for the Zn/CNTs electrode, proving that
the activity of the electrode was maintained. The authors noticed that the current efficiency of the
Zn-Fe/CNTs electrode was higher for glucose electroreduction than all the other electrodes, thus they
investigated further the reaction with the Zn-Fe/CNTs electrode only. They studied the effect of the pH
on the electrode response toward glucose, as well as the temperature. Although an increase of pH
(from 7 to 13) shows a drastic increase in current, the authors acknowledge that the isomerisation of
glucose to fructose and mannose will have a negative impact on the current efficiency. They report the
highest current efficiency at 40 °C. Their study was thus able to prove the benefices of the utilisation of
Zn in combination with CNTs for the electro-transformation of glucose to sorbitol.

The most commonly used metals for the electrochemical reduction of glucose are the metals which
suppress the hydrogen evolution reaction (HER), where the chemisorbed hydrogen on the surface of
the electrode is produced by the electro-reduction of water and then produce hydrogen gas, which is
in direct competition with the hydrogenation of the adsorbed glucose to yield sorbitol or deoxygenate
to deoxysorbitol. Kwon et al. documented a very thorough study where a vast number of pure metal
electrode catalysts were screened in order to comprehend the activity and the selectivity of catalysts
for the electro-reduction of glucose [100]. All the tests were performed in neutral electrolyte, and the
metals were separated in three groups, metals that generate sorbitol (41) and hydrogen gas (Fe, Co, Ni,
Cu, Pd, Ag, Au, and Al); metals forming H,, sorbitol (41) and 2-deoxysorbitol (43) (Zn, Cd, In, Sn, Sb,
Pb, and Bi); and metals forming only hydrogen gas (Ti, V, Cr, Mn, Zr, Nb, Mo, Hf, Ta, W, Re, Ru, Rh, Ir,
and Pt). The metals were tested via voltammetric measurements, while the products in solution were
analysed via an online HPLC analysis (Table 9).

Table 9. Screening of pure metal electrodes for the electro-reduction of glucose to sorbitol.

OH OH Metal cathode OH OH OH
HO™ ™ 20 —’z tfm\jj: SO HO™ ™ OH + 1o ; OH
= - 2504 z z
OH OH room temperature OH OH OH OH
D-glucose (14) sorbitol (41) 2-desoxysorbitol (43)
Entry Metal Onset Potential [Sorbitol] [2-Deoxysorbitol]
(vs. RHE) (mM-cm~2) (mM-cm~2)

1 Fe -0.75V 0.03 -

2 Co -1.0V 0.06 -

3 Ni -041V 0.075 -

4 Cu -1.3V 0.15 -

5 Pd -0.87V 0.09 -

6 Ag -1.05Vand -141V 0.06 -

7 Au -1.05V 0.15 -

8 Al -1.05V 0.01 -

9 Zn -14V 0.06 0.07

10 Cd -1.7V 0.35 0.22

11 In -2V 0.8 0.8

12 Sn -15V traces 0.05

13 Sb -1.0V 0.12 0.03

14 Pb 2.0V 0.7 0.6

15 Bi -15V 04 0.05

67



Molecules 2020, 25, 3712

First, the reactivity and selectivity of Fe, Co, Ni, Cu, Pd, Ag, Au, and Al electrodes were investigated
in 0.1 M NaSOy (entries 1 to 8). All these metals did convert glucose to sorbitol exclusively, but also
performed the hydrogen evolution reaction. Most of these metals showed a lower reduction current
when put in presence of glucose. This observation indicates that the adsorption of glucose on the
surface of the electrode blocks the hydrogen evolution reaction by competing for the same active sites
on the electrodes. Au and Cu electrodes were the two exceptions and displayed a higher reductive
current in presence of glucose. These two metal electrodes also appeared to be the most efficient at
converting glucose to sorbitol. For the formation of sorbitol, Ni is the metal which has the lowest onset
potential compared to all the other metals (entry 3), and Cu gave the highest conversion to 41 of this
series of metals (entry 4).

The second series of metals investigated (entries 9 to 15) were the metals able to generate sorbitol
(41), as well as 2-deoxysorbitol (43). Higher cathodic currents could be applied to these metals,
and therefore a higher conversion of glucose could be reached. The cathodic current generated by Zn
was higher than the one generated by cadmium. Cd proved to be much more effective at converting
glucose to 41 and 43 (entries 9 and 10, respectively). This observation suggests that Cd is more effective
than Zn to hydrogenate glucose by suppressing the hydrogen evolution reaction and has a higher
selectivity toward sorbitol. Sb showed the lowest onset potential (entry 13), Pb the best yield (entry 14),
and Sn gave the best selectivity toward sorbitol (entry 12).

The final series comprise no active metals for the electrochemical reduction of glucose and are
therefore not discussed here.

Acidic reaction condition (0.5 M H,SO;) proved to be inadequate for glucose hydrogenation
despite the use of metals such as Co, Pb, or Cd, which were active in neutral medium. Therefore,
the presence of OH- species is necessary for the electrochemical hydrogenation of glucose. However,
having an alkaline electrolyte is detrimental to the selectivity of the reaction by promoting the
isomerisation of glucose to fructose and mannose, and therefore to various side products, proving
that using an unbuffered neutral electrolyte is the best reaction conditions for efficient and selective
electrocatalytic glucose reduction.

When high cathodic currents were used, fructose (13) could also be detected in the solutions, which
emphasizes the important of local pH at the electrode surface. Indeed, the rate of formation of OH™
species is controlled by the current intensity. With the information gathered during the investigation on
the metal electrode screening, the authors were able to propose a mechanism explaining the formation
of the various products and by-products (Scheme 22). The authors based their assumption on previous
work which described that the cleavage of C-OH bond was favoured during the deoxygenation reaction
when the hydroxyl group was vicinal to a C=0 bond [101]. From this fact, glucose (14) itself could be a
direct precursor to 2-deoxysorbitol (43), and would not require the formation of fructose (13) as an
intermediate as it was previously postulated. Furthermore, the absence of mannitol (42) supports the
scenario supporting the direct deoxygenation of glucose (14) to generate 2-deoxysorbitol (43). Indeed,
the prochiral C2 position in fructose (the ketone) can be hydrogenated to two isomeric hydroxyl groups
in almost equivalent ratios 40% sorbitol, 60% mannitol) [102].

Although most of the work on saccharide electro-reduction has been directed to the reduction of
p-glucose, other monosaccharides have also been studied. p-xylose was successfully converted into its
corresponding alditol, xylitol [103]. Piszczek et al. first optimised the reaction conditions by variating
the pH and the temperature of the reaction. They reported that by electrolysing xylose (34) on an
amalgamated Pb cathode in a alkaline solution (Nap;SO4, pH = 11) and at 45 °C, the desired xylitol (44)
could be isolated in 75% yield. Small amounts of 2-deoxyxylitol could also be detected (Scheme 23).
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Scheme 22. Proposed mechanism for the direct electro-reduction of glucose.
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Scheme 23. Electrochemical reduction of p-xylose (34).

Hamann et al. documented the formation of ester derivatives of sucrose and various protected
monosaccharides [104,105]. The reaction was a two-step process, first the saccharides were
electrochemically reduced to their corresponding anion, and then were reacted with the alkyl halide to
deliver the desired saccharide ester derivative (Table 10).

Table 10. Electrochemical alkylation of sucrose.

i) Platinised Pt electrodes OR
DMF/LiBr HO &} (o)

= HO HO

ii) R-X OR

R = Benzyl, methyl, and allyl

X=Brandl
: Product Distribution at Different C Position (%)
Entry Alk}(r;{g(a)hde ’ ” 3 Faradaic Yield
1 Benzyl bromide 48 39 13 48%
2 Methyl iodide 54 27 19 63%
3 Allyl bromide 39 61 - 28%

The reaction took place in DMF in presence of LiBr. The Li ion was necessary to stabilise the
anionic saccharide species generated during the electrolysis. The authors screened other metal counter
cations, (Mg and Zn), however, the deprotonation did not take place. When sucrose was submitted to
such reaction conditions, a poor selectivity was observed. Indeed, three hydroxyl groups reacted and
therefore three different products could be detected. Nevertheless, the substitution at the C2 position
appeared to be the most favoured one.

3.2. Summary

The electrochemical reduction of saccharides has arguable been less documented than the
electro-oxidation process. However, the various reports demonstrate the feasibility and scalability of
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such processes. Furthermore, a range of product selectivity can be obtained by modifying the reaction
parameters such as the electrode material, the supporting electrolyte, and the pH (Table 11).

Table 11. Summary of the saccharide electro-reduction processes.

Starting . . . . s
Material Catalyst pH Main Reaction Products Yield Selectivity
Mannose Hg Neutral Mannitol 62%
Pb Alkaline (pH = 11) Sorbitol 59% >95%
Pb Alkaline (pH = 14) Sorbitol and mannitol 47% and 13%
Fe Alkaline Sorbitol 100%
Co Alkaline Sorbitol 100%
Ni Alkaline Sorbitol 100%
Cu Alkaline Sorbitol 100%
Pd Alkaline Sorbitol 100%
al Ag Alkaline Sorbitol 100%
ucose Au Alkaline Sorbitol 100%
Al Alkaline Sorbitol 100%
Zn Alkaline Sorbitol and 2-deoxysorbitol 35% and 65%
Cd Alkaline Sorbitol and 2-deoxysorbitol 61% and 39%
In Alkaline Sorbitol and 2-deoxysorbitol 35% and 65%
Sn Alkaline Sorbitol and 2-deoxysorbitol 10% and 90%
Sb Alkaline Sorbitol and 2-deoxysorbitol 80% and 20%
Bi Alkaline Sorbitol and 2-deoxysorbitol 75% and 25%
Xylose Pb Alkaline Xylitol 75%
Galactose Pb Alkaline Dulcitol
Lactose Pb Alkaline Dulcitol and sorbitol
Sucrose Pt Alkaline 2-,1’-, and 3’-sucrose ester 5:3:2

4. Combined Electrolysis

During electrolysis, oxidation and reduction reactions are happening simultaneously on both
the anode and cathode respectively. When oxidation and reduction reactions are coordinated in such
way that they both yield targeted organic compounds, this is often referred to as ‘paired electrolysis’.
This can be performed in an undivided reactor by using the same starting material which can be reduced
and oxidised and deliver two different products, or in a divided reactor, with one or two different
starting materials, thus delivering one oxidised and one reduced product (Scheme 24). This type of
electrochemical reactions are intensely pursued due to the high energy efficiency relative to the amount
of chemicals generated.

Oxidised Reduced
product product

Starting
Anode matrials Cathode

Scheme 24. Illustration of a paired electrolysis system.

Park et al. documented a paired electrolysis of p-glucose to gluconate (29) at the anode and
simultaneously to sorbitol (41) at the cathode in an undivided flow reactor [106,107]. Graphite chip
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was used as the anode material for an indirect electro-oxidation and either a Zn(Hg) shot or Raney Ni
as the cathode for a direct electro-reduction reaction. The anodic oxidation of glucose to gluconate
was mediated by NaBr as previously described by Isbell and co-workers [40-42]. To push the reaction
toward the consumption of the intermediate 5-gluconolactone, the paired electrosynthesis was carried
out at 58 °C with a residence time of 10 min in the reactor and at pH 7. The use of a Raney-Ni electrode
allowed to reduce the overall cell potential compared to the Zn(Hg) electrode. Furthermore, when
Raney-Ni and graphite were associated as the cathode and the anode material respectively, the current
efficiency for both transformations could reach 100%, but the glucose conversion remained low (<30%).
The authors also observed that Raney-Ni get poisoned during the electro-reduction of glucose due
to the hydrogen evolution reaction. An in situ catalyst regeneration was then possible by washing
the electrode with a 17 wt% NaOH solution at 60 °C for 90 min [107]. This procedure allowed to
restore the catalytic activity of the cathode and to restore the current efficiency for sorbitol from 35-45%
to 70-100%.

In a similar process, Bardot and co-workers developed a paired electrolysis of fructose (13) to
gluconic acid (29) at the anode and to sorbitol (41) and mannitol (42) at the cathode in a membrane
separated reactor [102]. In this case, the anode was a graphite electrode and the cathode was a graphite
electrode coated with Pt and Rh metals. This study only focused on the electrochemical reduction
of fructose to sorbitol and mannitol, and the authors report that fructose was converted up to 60%
and was transformed exclusively to sorbitol (40% selectivity, 24% yield) and mannitol (60% selectivity,
36% yield).

Finally, p-xylose (34) was successfully anodically oxidised to xylonic acid (35) and reduced to xylitol
(44) at the cathode in a membrane separated reactor [108]. First, the authors investigated the cathodic
reduction of xylose on an amalgamated Zn electrode. However, for the voltammetric measurements
performed, they could deduct that the reduction of xylose was heterogeneously catalysed by adsorbed
H-adatoms on the surface of the electrode. To promote this catalytic process, a variety of metal coating
were screened (WFes Pty and MoFes,Pty, and other coating with Co or Ni instead of Fe or with
Ru instead of Pt). With such coating, the H-adatoms catalytic reduction of xylose was significantly
faster, the cathodic potential was reduced compared to the Zn(Hg) electrode and the Faradaic yield
for xylitol formation was exceeding 90%. For the anode reaction, RuO,/TiO; and Pb/Sn were used
as intermetallic coating on a Ti electrode. These modified electrodes were used in combination with
bromine as mediator for the electro-oxidation of xylose. This process displayed high anodic current
efficiency (>97%) and the Pb/Sn coating shifted the potential for oxygen evolution to higher potential,
improving the selectivity toward the anodic oxidation of xylose. Bromide species which are essential
to the anodic formation of 35 and detrimental to the cathodic reaction reduced the cathodic Faradaic
yield below 60%. Therefore, in order to maintain the highest efficiency possible of both side of the
reaction, the authors emphasised on the necessity to separate this process with a membrane.

5. Conclusions

Research on electrosynthesis in general has come a long way, with some applications more
advanced than others and a huge acceleration due to the emerging electrification of the chemical
industry [109]. Electrosynthesis of biomass-based feedstocks is not very straightforward and depends
on several process parameters such as pH, temperature, concentration, and potential as well as on
the choice and availability of components like stable electrocatalysts and membranes. In this review,
we have summarized the recent state of the art for oxidation and reduction of mono-, oligo- and
polysaccharides. The main electrocatalyst used in these conversions were summarized and a basic
screening reveals that most often used ones are based on pure metals like gold and platinum. This trend
is changing in recent years when more metals, carbons, alloys, oxides and bimetallic catalysts are being
explored. The need of the hour is moving from brute screening to smart designing and screening of
the electrocatalysts coupling density functional theory (DFT)-based modelling with high throughput
screening. Currently this is still based on a trial and error approach which is costly and time consuming
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due to a myriad of possible catalysts and shapes thereof. Besides, we noticed that most reported
studies focus on one or a few ‘promising’ metals. Although electrolysis is often hyped as providing a
‘highly selective’ reaction pathway, the review shows that this statement is flawed in many cases. Even
when starting from pure substances (i.e., disregarding the complexities of real-life biobased feedstock),
formation of side-products is oftentimes difficult to avoid, resulting in poor selectivities and ultimately
a process that is challenging to become economically viable.

Standardisation in terms of reporting the results is an important issue to be tackled and should
address which are the most important performance numbers for evaluation of the electrosynthesis
process. More standardization is needed in terms of reporting on yields, efficiencies, selectivity and
other process parameters, the absence of which makes the comparison between different studies
difficult. Even among two similar studies, the reported results are not always consistent. The research
on this topic is rather fragmented research with many fundamental knowledge gaps (such as missing
reaction mechanisms). Even though electrosynthesis has shown promise, it still needs to conquer a lot
of ground in terms of performance and scalability.
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Abstract: Bio-polyethylene (BioPE, derived from sugarcane), sugarcane bagasse pulp, and two
compatibilizers (fossil and bio-based), were used to manufacture biocomposite filaments for
3D printing. Biocomposite filaments were manufactured and characterized in detail, including
measurement of water absorption, mechanical properties, thermal stability and decomposition
temperature (thermo-gravimetric analysis (TGA)). Differential scanning calorimetry (DSC) was
performed to measure the glass transition temperature (Tg). Scanning electron microscopy (SEM)
was applied to assess the fracture area of the filaments after mechanical testing. Increases of up to 10%
in water absorption were measured for the samples with 40 wt% fibers and the fossil compatibilizer.
The mechanical properties were improved by increasing the fraction of bagasse fibers from 0% to 20%
and 40%. The suitability of the biocomposite filaments was tested for 3D printing, and some shapes
were printed as demonstrators. Importantly, in a cradle-to-gate life cycle analysis of the biocomposites,
we demonstrated that replacing fossil compatibilizer with a bio-based compatibilizer contributes to a
reduction in CO;-eq emissions, and an increase in CO, capture, achieving a CO,-eq storage of 2.12 kg
CO; eg/kg for the biocomposite containing 40% bagasse fibers and 6% bio-based compatibilizer.

Keywords: bio-based filament; 3D printing; sugarcane bagasse pulp

1. Introduction

Three-dimensional (3D) printing allows the manufacturing of custom pieces that usually demand
higher costs and production time when manufactured by conventional methods. In addition,
it offers unparalleled flexibility in achieving controlled composition, geometric shape, functions,
and complexity [1]. Numerous studies about ink formulations for 3D printing have shown that
bioplastics are promising materials for 3D printing applications [2-6].

Bioplastics are obtained from first-generation (1G) resources (starches or sugars, such as corn,
sugarcane, wheat, and soy) or second-generation (2G) resources (cellulose from crops or industrial
processes). One of the bioplastics that are expected to grow greatly in the next years is bio-polyethylene
(BioPE) 1G for flexible and rigid packaging applications [7].

79



Molecules 2020, 25, 2158

The main advantage of BioPE with respect to traditional polyethylene (PE) (fossil-based) is the
utilization of renewable raw materials to reduce greenhouse gas emissions [8]. However, BioPE
has relatively low mechanical properties (modulus and strength) compared to other commodity
materials. Hence, the inclusion of dispersed phases (e.g., cellulosic fibers) with high stiffness and
strength is commonly applied to enhance its mechanical properties [9]. Studies evaluating the effect of
natural fibers include raw materials such as wood sawdust, bleached and unbleached pine pulps [10],
eucalyptus pulp [11], and nonwoods such as bamboo fibers [12], flax [13] and kenaf [14]. The previous
studies showed that the addition of fibers or pulps increased the tensile strength and Young’s modulus
and caused some variations in thermal properties.

Sugarcane bagasse is a lignocellulosic agro-industrial waste generated by the sugar and alcohol
industries and is usually burned in the sugar mill. The valorization of sugarcane bagasse implies its
integral use in a lignocellulosic biorefinery scheme [15]. Figure 1 shows different routes to obtain
products with an integrated approach concept. Hydrothermal treatment allowed the extraction of
the hemicelluloses fraction to produce polyhydroxialkanoates (PHAs) [16], which are a group of
bioplastics. The solid fraction after treatments contains sugarcane bagasse fibers. Fibers can take two
alternative routes: they can be subjected to an enzymatic treatment followed by fermentation, chemical
conversion, and finally, polymerization to obtain second generation BioPE [17], or they can be used as
reinforcement for biocomposites and 3D printing [18].

---------------------------------------- ! Production of
o : oly(hydroxyalkanoates
§ § Hydrothermal treatment E poly(hy ’ )
o |=p| O |=—p . 4
& ?'P Chom e Gzt v E Hemicelluloses
3 = Alkaline pulping :
Sugarcane bagasse fibers
RS ERE e [ |
i Chemical/Enzymatic 1 Extrusi
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{_____ treatment | *TOMPEITE ——
g i i E """"" ' AL AL & &
E Fermentation '
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| Chemical conversion (to ! !
]
1 monomers !
et ---l-----—' 3D Printing by FDM
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] . N H .
| fovmeraton  RECEEN - Yee3D
3D structure

First generation BioPE

Figure 1. Scheme for the integral use of sugarcane, including the production of Bio-polyethylene
(BioPE) and bagasse fibers.

A good interfacial bonding is required to achieve optimum reinforcement. Hence, the bonding
between fibers and matrix plays a vital role in determining the mechanical properties of the
biocomposites. For plant-based fiber composites, there is limited interaction between the hydrophilic
fiber and the usually hydrophobic matrices, limiting their mechanical performance [19]. This effect
could be reduced by introducing a compatibilizer. The most common compatibilizer used for the
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combination of BioPE with fibers is the maleic anhydride (MA). MA is grafted on polyethylene (PE) to
form maleate polyethylene (MAPE), which is commercialized as a compatibilizer. MAPE covalently
couples PE and fibers [20]. Studies that included 5 wt% of MAPE to coupling PE with bamboo fibers
showed increases in flexural and tensile strength [21], respect to the composite without compatibilizer.
Yuan et al. [22] used only 3 wt% of MAPE as compatibilizer between PE and fibers of maple wood and
found that the use of the coupling agent increased the tensile strength. Tarrés et al. [23] found an optimal
load of 6 wt% of MAPE to maximize the tensile properties of BioPE reinforced with thermo-mechanical
pulp (TMP) fibers. Additionally, Mendez et al. [24] used the same load of MA-grafted polypropylene
to evaluate the mechanical properties of polypropylene reinforced with groundwood pulp from pine.
However, MAPE is conventionally derived from fossil resources; therefore, it does not contribute to
obtaining a 100% bio-based product.

Recent studies have evaluated filaments of BioPE and wood fibers for 3D printing applications.
Filgueira et al. [18] obtained filaments of BioPE with TMP fibers modified enzymatically. This approach
reduced the water absorption of the filaments and improved the 3D printability of structures. Similarly,
Tarrés et al. [23] obtained 3D structures by 3D printing (Fused Deposition Modeling, FDM) of BioPE
biocomposites, evaluating the impact of different TMP fiber loads on the mechanical properties.

This work aims to assess the potential advantages of biocomposites filaments containing BioPE,
sugarcane bagasse pulp and a bio-based compatibilizer (Figure 1), compared to neat BioPE or in
combination with a fossil-based compatibilizer. For filaments composed of BioPE, two percentages of
pulp fibers and two compatibilizers (fossil and bio-based) were manufactured. Mechanical properties
and water absorption of the filaments were determined. Scanning electron microscopy (SEM) images
from the fracture area of the tensile tested filaments were acquired. The thermal stability and
decomposition temperature of the BioPE and biocomposites were determined with thermo-gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) and the glass transition temperature (Tg)
was measured. The capability of the filaments to be extruded and deposited on a substrate to form
a 3D shape was evaluated and demonstrated. Importantly, we performed a cradle-to-gate study to
assess the impacts of replacing the fossil-based compatibilizer with a bio-based alternative.

2. Results

The chemical composition of the raw material and pulp are shown in Table 1.

Table 1. The chemical composition of raw material and hydrothermal treatment (HT)/Soda pulp
(% oven-dried, od).

Chemical Composition (% od) Sugarcane Bagasse HT/Soda Pulp

Glucans 40.4 +0.04 90.8 +0.18
Hemicelluloses 35.0 5.1
Xylans 26.7 = 0.32 5.1 = 0.07
Arabinans 53+0.28 -
Acetyl Groups 3.0+0.02 -
Lignin 20.6 = 0.12 2.1+0.08
Extractives 3.2+0.01 -

od: on oven dry base.

Bagasse, remaining from BioPE production, can be used to obtain sugarcane bagasse pulp, which
can be further used to reinforce BioPE and thus close the loop in a biorefinery. In this study we
applied a hydrothermal treatment (HT)/Soda treatment on the raw material to allow the release of the
lignocellulosic fibers (HT/Soda fibers). Examples of milled HT/Soda fibers are provided in Figure 2.
The quantification of the fiber morphology with a Fiber Tester device revealed an average fiber length
of 367 um, fiber width of 24.3 um and a fraction of fines of 50%.
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Figure 2. SEM images of HT/Soda fibers. Left) Fibers and fines are exemplified (magnification 200x).
Right) Fibers observed at 1000x magnification.

Bagasse, remaining from BioPE production, can be used to obtain sugarcane bagasse pulp, which
can be further used to reinforce BioPE and thus close the loop in a biorefinery. In this study we applied
an HT/Soda treatment on the raw material to allow the release of the lignocellulosic fibers (HT/Soda
fibers). Examples of milled HT/Soda fibers are provided in Figure 2. The quantification of the fiber
morphology with a Fiber Tester device revealed an average fiber length of 367 pm, fiber width of
24.3 um and a fraction of fines of 50%.

The glucans content increased from 40.4% oven dry (od) material to 90.8% od pulp after the
HT/Soda treatments. The hemicelluloses are mainly eliminated during hydrothermal stage from 35.0%
od material to 5.1% od pulp [25], whilst during alkaline treatment lignin is mainly dissolved, which is
then eliminated with pulp liquor (from 20.6% to 2.1% od). HT/Soda pulp total yield and kappa number
were 32.4% and 16.8%, respectively.

The HT/Soda fibers were compounded with BioPE and the corresponding compatibilizers to form
filaments for 3D printing (Figure S1). Various properties of the filaments were assessed as we will
explore in the next sections.

2.1. Water Absorption Behavior

Water absorption was determined by immersing the filaments in water for 7 days (Figure 3).
The importance of this analysis is that the exposure of cellulose-reinforced biocomposites to moisture
can cause the cellulosic elements to swell, a phenomenon that can lead to the weakening of the
structure [26]. Several authors have studied the effect of hemicellulose content on water absorption and
found that reducing the amount of hemicelluloses reduces the swelling capacity of the fibers [27-30].
The chemical composition for HT/Soda pulp used as reinforcement showed low hemicellulose content.
Therefore, the increase in water absorption was expected to be relatively low.

ANOVA analysis indicated significant differences in water absorption values in respect to the fiber
load (p < 0.05). The increase in fiber content in the filaments caused an increase in water absorption
due to the hydrophilic nature of the fiber. Compared to the BioPE filament, the samples containing
20% and 40% fiber showed an increase in water absorption of approx. 6% and 10%, irrespective of the
used compatibilizer. It is worth mentioning that the fibers applied in this study were not modified
to increase their hydrophobicity. Thus, the increase in fiber content produces an increase in water
absorption due to the hydrophilic and hygroscopic nature of the fibers used as reinforcement.

Previously, we have demonstrated that using laccase enzymes to graft gallate compounds on the
surface of lignocellulosic fibers could reduce the water absorption considerably [18].
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Figure 3. Water absorption of filaments with different percentages of fibers, using fossil- and
bio-based compatibilizers.

An interesting feature observed was the presence of bubbles on the surface of all the fiber-containing
filaments after 24 h of immersion in water. The presence of bubbles can be due to the roughness of the
filament surface that generates empty spaces containing air, which is displaced by water. The effect of
the filament roughness on the water absorption was previously demonstrated by Filgueira et al. [18],
who found that a high filament roughness leads to a high specific surface area that increases the contact
between the filament and water.

2.2. Mechanical Properties

The addition of fibers as reinforcement in polymer matrices yields an increase in mechanical
properties, such as strength and stiffness. The mechanical properties of the filaments are presented in
Table 2.

Table 2. Tensile strength (o), Young’s modulus (E), and elongation at maximum strength (emax)

of filaments.
Code o (MPa) E (MPa) emax (%)
BioPE 204 + 3.1 800 + 40 239 +2.1
20HT-F 248+ 1.8 970 + 100 182 +2.1
40HT-F 33.0+24 1480 + 200 214 +29
20HT-B 23.8 + 3.9 1020 + 60 19.1+1.8
40HT-B 323 +2.0 1280 + 130 199 +1.8

Tensile properties provide useful information about the microstructure and the interface between
the different materials [23]. The filaments with 40 wt% fibers presented the highest tensile strength,
which was significantly different (p < 0.01) compared to the neat BioPE and the sample with 20% fiber
fraction. For the two compatibilizers, increments of roughly 20% and 60% were found for fiber loads
of 20 wt% and 40 wt%, respectively. Higher values of tensile strength were found by other authors
using TMP fibers, reaching increments of up to 74%, adding 20% of fibers [23]. It was presumed that
the quantified difference in tensile strength between our study and Tarrés et al. [19] was due to the
length of the TMP and bagasse fibers. In this study the bagasse fibers were milled in order to ease
the blending of the fibers and BioPE, with the equipment used in this study (Figure 2). However,
Tarrés et al. [19] quantified the length of the TMP fibers in the biocomposite, and this was in the same
range as the sugarcane bagasse fibers used in this study (~200-400 um). Hence, the higher value in
tensile strength obtained by Tarrés et al. [19] may be due to two factors: i) the morphology of the TMP
fibers which are more fibrillated (larger fraction of split fibers) compared to the more intact chemical
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pulp fibers [31] and ii) a more effective compounding which probably leads to a more homogeneous
fiber spatial distribution. It is expected that the more fibrillated TMP fibers have a large surface area
which may facilitate the anchoring of the fibers in the BioPE matrix. Additionally, keep in mind that
the mechanical testing in the present study was performed on filaments, while the quantification
performed by Tarrés et al. [19] was based on injection molding samples. This is also expected to affect
the mechanical performance of the biocomposite materials.

Similar to tensile strength, Young’s modulus increased when increasing fiber loadings. Fibers are
located between the polymer chains of the BioPE, reducing their mobility [24], and thus increasing
the stiffness. The increment in stiffness with the addition of 20 wt% and 40 wt% fibers and both
compatibilizers was about 25% and 75% compared to neat BioPE, respectively. The strain at break for
all the produced biocomposites decreased with respect to the BioPE filament. An ANOVA analysis
was performed to evaluate the effect of the compatibilizer on the mechanical properties. Statistical
differences for the measured mechanical properties were not significant.

2.3. SEM Assessment

The SEM images of the filaments after the mechanical testing exhibit the fracture surface details.
Figure 4a shows the enlarged image of the 40HT-F sample, where a large number of fibers are
homogeneously distributed throughout the filament. A lower amount of fibers can be observed in
the fracture area of the filament 20HT-F (Figure 4b). Besides, Figure 4b shows the high roughness
of the filament surface. A similar effect with respect to fiber content was observed for the samples
when a bio-based compatibilizer was used (40HT-B in Figure 4c and 20HT-B in Figure 4d). Most SEM
images of the filaments showed that fibers were oriented longitudinally (0° in respect to tensile
strength test direction). However, some samples presented several fibers distributed at different angles.
Fiber orientation is important because it influences the final mechanical strength of filaments [32].
In addition to fiber orientation, the length of fibers is also affected by the manufacturing processes.
Joffre 2014 found that fibers are drastically shortened during the manufacturing process and lose their
interesting aspect ratios [33].

Figure 4. SEM microphotograph of the tensile breaking area: (a) 40HT-F filament, (b) 20HT-F filament,
(c) 40HT-B filament, and (d) 20HT-B.

84



Molecules 2020, 25, 2158

2.4. TGA and DSC

The TGA and DSC results are shown in Table 3. The BioPE filament degraded in a single step that
started at 464.4 °C as shown in Figure 5a; this process takes place rapidly and the quantity of residue is
very small (0.26%). However, the BioPE composites showed two-step decomposition, where the first
starts at 332-356 °C (onset temperature range), corresponding to the cellulose decomposition (around
330 °C) [34]. The second step begins at a similar onset temperature (468-469 °C), involving a fast and
significant degradation attributed to the thermal cracking of the hydrocarbon chains of BioPE, which
ends approximately around 510 °C [35].

Table 3. Thermo-gravimetric analysis (TGA) and differential scanning calorimetry (DSC) analysis.

TGA Analysis
Code T-Onset 1 (°C) T-Onset2 (°C)  Residue (%)
BioPE - 464 0.26
20HT-F 356 468 4.80
40HT-F 335 468 5.85
20HT-B 332 468 1.77
40HT-B 333 469 2.59
DSC Analysis
Code Tm (°C) AHm (J/g) Tpeak 1 (°C) Tpeak 2 (°C)
BioPE 146 135 - 487
20HT-F 137 120 351 486
40HT-F 137 103 354 485
20HT-B 137 122 356 487
40HT-B 139 115 356 489

The DSC thermograph is given in Figure 5b. The BioPE filament presented a first peak (146 °C)
which corresponds to the melting point of the crystalline domains of the BioPE. The Tm values
of all the composite samples were the same (about 130 °C) regardless of the fiber and MAPE
contents. This indicated that the size of the crystalline domains, which was directly related to the Tm,
was retained in the matrix. However, the melting enthalpy decreased with the increase of the fiber
fraction, as expected.

The second peak can be attributed to the degradation of the hydrocarbon chains of BioPE (488 °C).
The BioPE biocomposites showed three peaks. The first and third peak (137-139 °C and 485-489 °C,
respectively) are associated with the melting point and degradation of BioPE [35], whilst the second
peak (351-357 °C) corresponds to the thermal degradation of the fraction of bagasse fiber reinforcement,
mainly due to cellulose degradation.

The addition of fibers to the matrix decreased the onset decomposition temperature of the filaments
in comparison to those of pure BioPE. The weight loss at the peak around 330 °C was higher for the
biocomposite filaments with high fiber contents (40%). It was lower when the bio-based compatibilizer
substituted the fossil compatibilizer. This is most probably due to the different composition of the
bio-based compatibilizer (97% BioPE and 2% MA), compared to the fossil-based compatibilizer (<93%
fossil PE and 7% MA).
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Figure 5. Thermo-gravimetric analysis (a) and differential scanning calorimetric (b) of the filaments.
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2.5. Printability of the Filaments

It was previously demonstrated that the addition of TMP fibers to BioPE improved printability,
yielding more homogeneous structures [6]. The capability of the filaments composed of BioPE and
bagasse fibers for 3D printing by FDM was demonstrated in this study (Figure 6).

Figure 6. 3D shapes printed with filaments containing BioPE and bagasse fibers (ValBio-3D project).

Various shapes were modeled and printed, which exemplified the potential of the biocomposites for
3D printing by FDM technology. No remarkable difference was observed with respect to the printability
of the different filaments, considering fiber content and type of compatibilizer (Supplementary
Materials, Figure S2). It is worth emphasizing that in this study we have developed a recipe composed
of 40% bagasse fibers, 54% BioPE and 6% bio-based compatibilizer. The bio-based compatibilizer was
composed of 97% BioPE and only 2% MA. This implies that the biocomposite material that is printable
contained less than 0.18% MA which was not bio-based. MA can also be derived from bio-based
components and future initiatives could focus on developing MA from HMF, furans and furfural,
that can be obtained from carbohydrates [36].

2.6. Environmental Aspects of Bagasse Fiber-Reinforced Biocomposites

The application of sugarcane bagasse pulp as filler in BioPE matrices for biocomposite production
is mainly driven by the current need to use more environmentally friendly materials, taking into
account the cost of raw materials and production processes. Thus, we performed a life cycle assessment
(LCA) of bagasse fiber-reinforced BioPE pellets, comparing the environmental performance with pure
sugarcane- and petroleum-based PE pellets, using as a FU 1 kg of (bio)plastic pellets. The utilization of
HT bagasse fibers in a BioPE matrix decreased the effect on global warming, fossil resource scarcity,
ozone formation, terrestrial acidification, and freshwater eutrophication, with respect to the use of
100% BioPE [37].

In this study, we complemented the LCA considering the comparison between the bio-based
and fossil compatibilizers. The results showed reductions of 3% emissions of GHG when the
biocomposite uses a bio-based compatibilizer (bMAPE) rather than the fossil one (fMAPE). Additionally,
when increasing the amount of fibers from 20% to 40%, reductions of GHG emissions are more notable,
reaching 18%, without considering the amount of carbon storage in the final polymer. Additionally,
20HT-F, 40HT-F, 20HT-B and 40HT-B resulted in an average CO,-eq storage of 1.71 kg CO,-eq/kg,
1.89 kg CO,-eq/kg, 1.94 kg CO,-eq/kg, and 2.12 kg CO,-eq/kg respectively (see Table 4 and Figure 7).
However, it is important to mention that this comparison is based on a replacement ratio of 1:1 between
these biocomposites, which may not be the case during industrial production. Figure 8 showed that,
when comparing the different stages of biocomposite production, around 40% of all impacts are related
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to the cultivation and harvesting stage, followed by the production of bioethylene from fermented
bioethanol. Increasing the amount of fibers on the composition of the material, reductions are observed
even after considering the impacts of processing raw bagasse to separate and obtain cellulose fibers.
Furthermore, using a bio-based compatibilizer reduces the impacts of the production of the composite,
but to a lesser extent.

Table 4. Environmental burdens per impact category for evaluated materials *.

Impact Category Unit Fossil PE BioPE 20HT-F 40HT-F 20HT-B 40HT-B

Global warming without
CO, capture kg CO; eq 2,01 1.38 1.24 1.06 1.20 1.02

Global warming with
CO; capture
Ozone formation, kgNOxeq 452x1073 840x10° 736x10° 656x107% 759%x107 678 x 1073
Terrestrial ecosystems

Terrestrial acidification ~ kgSOpeq 527x 1073 217x 1072 1.88x1072 169x1072 198x1072 1.78x 1072

kg CO, eq 2.01 -1.76 -1.71 -1.89 -1.94 =212

Freshwater kgPeq 279x1075 480x107% 405x10% 355x10% 430x10* 3.80x 104
eutrophication
Fossil resource scarcity kg oil eq 1.57 0.41 0.43 0.38 0.36 0.31
* reported per functional unit: 1 kg of pellets.
3 -
5 2.01
g 1 -
8 0 T T T T T T
. 1.71
z 2 - 1.76 1.89 1.94 12
3 4
4
Fossil PE BioPE 20HT-F 40HT-F 20HT-B 40HT-B
M Processing W Carbon capture ¢ Total

Figure 7. Greenhouse gas (GHG) emissions of 1 kg of fossil-based polyethylene (PE), BioPE and the
corresponding biocomposites, from a cradle-to-gate perspective.
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Figure 8. Relative contribution per life cycle stages for the production of fossil PE, BioPE and
biocomposites. Results do not include carbon sequestration. Reported per functional unit: 1 kg
of pellets.
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When analyzing additional environmental impacts, it can be observed that, even though potential
reductions of GHG emissions are obtained when utilizing bio-based MAPE instead of fossil MAPE,
the environmental impact categories of ozone formation (OF), terrestrial acidification (TA) and
freshwater eutrophication (FWE) show an increase of around 3% to 6%. In contrast, when comparing a
biocomposite with higher fiber content, reduction on all impacts is observed.

Finally, we have demonstrated that the biocomposites developed in this study are suitable
for manufacturing filaments for 3D printing. Similar recipes can be used for injection molding
applications [23], which is a technology for high-volume manufacturing of e.g., automotive, furniture
and packaging products.

3. Materials and Methods

3.1. Materials

Sugarcane bagasse was provided by a local mill and used in this study. A hydrothermal
treatment (HT) with a liquid/bagasse ratio of 7/1, 180 °C, and 30 min at maximum temperature was
performed, followed by a soda treatment using a liquid/bagasse ratio of 10/1; 170 °C, 60 min at
maximum temperature, and 18% sodium hydroxide (NaOH) on oven-dry (od) bagasse (HT/Soda pulp).
The determination of structural carbohydrates and lignin in biomass was carried out according to the
NREL/TP-510-42618 procedure [38]. The carbohydrates were analyzed by high-performance liquid
chromatography using a SHODEX SP810 (Showa Denko America, Inc., New York, NY, USA) column
connected in series to a Bio-Rad (Hercules, CA, USA) deionizing pre-column. The chromatographic
conditions were: water as eluent, a flow rate of 0.6 mL/min, 85 °C, and a refractive index detector.
The sample was placed in a vial and frozen until the moment of analysis.

The polymer matrix was a sugarcane bio-based polyethylene (BioPE) provided by Braskem
(Sao Paulo, Brazil). The BioPE had a relatively low melt flow index (MFI, 4.5 g/10 min) and a molecular
weight of 92.9 g/mol.

Two compatibilizers were used to improve the compatibility between fibers and the BioPE.
The fossil-based compatibilizer, maleic anhydride grafted polyethylene (denominated {MAPE),
was provided in powder form by Clariant (product Licocene PE MA 4351, Clariant Plastics & Coatings
(Nordic) AB, Malmo, Sweden). According to the supplier, the product is a metallocene-catalyzed
PE with a grafted MA content of approx. 7 to 9 wt%. The bio-based compatibilizer was provided
by YPAREX BV (Geleen, Netherlands). According to the supplier (YPAREX), the compatibilizer is
derived from sugarcane BioPE with a bio-based content >97% and with a MA content <2% and was
denominated bMAPE in this study.

3.2. Filaments Elaboration

The HT/Soda pulp was ground to a size that passed a 30 mesh sieve, and was dried for 1 h at
105 °C, whereas the BioPE and the bio-based compatibilizer were milled until passing a 10 mesh sieve.

The milled pulp fibers were assessed with a FiberTester device (L&W FiberTester Plus, Code 912.
Software: Version 4.0-3.0, ABB AB/Lorentzen & Wettre, SE-164 93 Kista, Sweden). The fiber width,
length and fraction of fines (objects smaller than 200 pm) were quantified. The results are based on
4037 objects that were quantified.

The pulps, BioPE, and compatibilizers were mixed as reported in Table 5. The series included two
HT/Soda pulp contents (20% w/w and 40% w/w) and 6% w/w of each compatibilizer (MAPE and bMAPE)
loads. The fraction of compatibilizer (6 wt%) was selected following a previous optimization [23].
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Table 5. Biocomposites composition.

Code BioPE (Wt%)  Fibers (wt%) Compatibilizer (wt%)  Compatibilizer Type

BioPE 100 0 0 -
20HT-F 74 20 6 fMAPE
40HT-F 54 40 6 fMAPE
20HT-B 74 20 6 bMAPE
40HT-B 54 40 6 bMAPE

Filaments for 3D printing were manufactured as described by Filgueira et al. [18]. The blends were
extruded twice in a Noztek Xcalibur filament extrusion system (Shoreham, UK). After the first extrusion
the filaments were pelletized, and the pellets were used to extrude the final filament. The filament
extruder had a single screw, and the filaments were extruded at a speed of 15 mm/s using three
temperatures in the three sections of the extruder; 165 °C, 170 °C, and 175 °C. The speed of the extruder
was determined to obtain an average filament diameter of 1.75 mm.

3.3. Mechanical Characterization of Filaments

Ten 60 mm length test specimens were used. The tensile mechanical properties of the filaments
were measured with a Zwick/Roell (Ulm, Germany) universal tensile machine following ASTM D
5937-1996 (West Conshohocken, PE, USA). The crosshead speed was set at 100 mm/min with a 2.5 kN
load cell. All tests were conducted at ambient temperature, and the means of 10 replicas were reported
for each sample.

3.4. Water Absorption Experiments

Three filaments (60 mm) of each sample were dried for 4 h at 50 °C, and the initial weight
was determined. Samples were immersed in containers with distilled water at 25 °C. After 7 days,
the samples were taken out from the chambers and weighed using an analytical balance (precision of
0.1 mg). Water absorption was calculated according to the following equation:

(Wh - Wo)

Water absorption (%) = —we X 100 (1)

where Wh is the weight of filaments after 7 days of immersion, and Wo is the initial weight of filaments.

3.5. SEM Observations

The morphology of milled fibers was assessed with scanning electron microscopy (SEM).
Before SEM observation, the sample was sputter-coated with a thin layer of gold to avoid electrical
charging. The applied working distance and acceleration voltage during image acquisition were
5-7 mm and 5 kV, respectively. The same settings were used to assess the fracture surfaces after
tensile testing.

3.6. Thermo-Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

The thermal stability and decomposition temperature of the BioPE and biocomposites were
determined with TGA, using Nitrogen gas, inert atmosphere, in a Netzsch Jupiter F3 equipment (Selb,
Bavaria, Germany). The applied temperature range was from 30 °C to 800 °C with a heating rate of
10 °C/min. DSC experiments were performed to measure the glass transition temperature (Tg) using
the same conditions and equipment.

3.7. 3D Printing

A REGEMAT 3D V1 printer (Granada, Spain) equipped with a 0.6 mm nozzle was used.
The temperature of the nozzle was adjusted to 180 °C. The REGEMAT 3D Designer software (Version 1.0,
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Granada, Spain) and TinkerCad (San Francisco, CA, USA.) were used for designing the 3D models.
Various shapes were printed to demonstrate the potential of the filaments in 3D printing operations.

3.8. Statistical Analysis

Statistical analyses were performed using the Statgraphics Centurion XV software (Statgraphics
Technologies, Inc., The Plains, VA, USA). ANOVA tests were applied at a significance level p < 0.05.

3.9. Impact Assessment

An impact assessment was developed considering the production of 1 kg of biocomposite pellets
as the functional unit (FU). The environmental impacts of the studied materials were analyzed using
the IPCC methodology 2013 for the GHG emissions considering a 100-year period [39]. The used
methodology is currently the most robust and recommended model for the estimations of global
warming potential [40,41]. Additionally, considering the potential impacts related to cultivation and
harvesting of biomass, impact categories related to the use of agrochemicals were also considered.
The additional categories include ozone formation (OF), terrestrial acidification (TA), freshwater
eutrophication (FWE) and fossil resource scarcity (FRS) at the midpoint level. These categories were
evaluated using the ReCiPe methodology (Table 6). For further details on the impact assessment see
Supplementary Materials and the corresponding methodology described elsewhere [42—49].

Table 6. Environmental impact categories considered for the environmental assessment.

Methodology Impact Category Unit
IPCC 2013 Global warming 100 year (GW) kg CO2 eq
Ozone formation, terrestrial ecosystems (OF) kg NOx eq
. Terrestrial acidification (TA) kg SO2 eq
ReCiPe 2016 Freshwater eutrophication (FWE) kg Peq
Fossil resource scarcity (FRS) kg oil eq

The evaluated materials in this section include a biocomposite containing 74% BioPE, 20% bagasse
fibers (hydrothermal treatment) and 6% of fossil MAPE as a compatibilizer (20HT-F), a biocomposite
containing 54% BioPE, 40% bagasse fibers and 6% of fossil MAPE (40HT-F), a biocomposite containing
74% BioPE, 20% bagasse fibers and 6% of bio-based MAPE (20HT-B) and a biocomposite containing
54% BioPE, 40% bagasse fibers and 6% of bio-based MAPE (40HT-B). Additionally, fossil PE and bioPE
from sugarcane were also included as a baseline for comparison.

4. Conclusions

Filaments for 3D printing were manufactured using 100% bio-based PE, hydrothermal-soda
sugarcane bagasse pulp, and bio- and fossil-based compatibilizers, demonstrating that the bagasse
remaining from BioPE production can be used to obtain sugarcane bagasse pulp with adequate
characteristics to reinforce BioPE, closing the loop in a biorefinery.

Increasing the fiber content caused an increase in the water absorption of the filament. The samples
with 40 wt% fiber showed the highest water absorption compared to the neat BioPE filament (water
absorption ~10%).

The filaments with 40 wt% fibers presented the highest tensile strengths. Increments in tensile
strength of about 60% and 20% were found with fiber loads of 40 wt% and 20 wt%, respectively,
using both compatibilizers. Similar behavior was found for stiffness values. The Young’s modulus
reached its highest value in the filaments with 40 wt% fibers. Compared with 100% BioPE filaments,
the increment in stiffness was about 75% and 25% in filaments with 40 wt% and 20 wt% fibers and
both compatibilizers, respectively. Lower elongations were obtained in all cases. For all the evaluated
mechanical properties, no statistically significant differences were found between filaments with fossil
or bio-based compatibilizers. According to TGA analysis, the effect of compatibilizers and fiber loads
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on the temperature of thermal degradation is similar. TGA showed that the weight loss at the peak
around 330 °C was higher for the biocomposite filaments with high fiber contents (40%).

Importantly, we demonstrated that replacing fossil compatibilizer with a bio-based compatibilizer
contributes to an increase in CO;-capture, achieving a CO;-eq storage of 2.12 kg CO»-eq/kg for the
biocomposite containing 40% bagasse fibers and 6% bio-based compatibilizer.

Supplementary Materials: The following are available online. Figure S1: Bagasse fibres, fracture areas of
filaments (bagasse fibres and BioPE) and 3D printed tracks; Figure S2: Optical images of part of 3D printed layers.
The images were acquired with an Epson Perfection scanner in transmission mode, 4800 dots per inch. From left
to right) 20HT-F, 40HT-F, 20HT-B and 40HT-B; Figure S3: Graphical representation of the system boundaries for
the production of sugarcane bioPE and fiber reinforced biocomposites. * Hemicelluloses are a by-product of the
bagasse hydrothermal treatment.
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Abstract: Awareness on deforestation, forest degradation, and its impact on biodiversity and global
warming, is giving rise to the use of alternative fiber sources in replacement of wood feedstock for
some applications such as composite materials and energy production. In this category, barley straw
is an important agricultural crop, due to its abundance and availability. In the current investigation,
the residue was submitted to thermomechanical process for fiber extraction and individualization.
The high content of holocellulose combined with their relatively high aspect ratio inspires the potential
use of these fibers as reinforcement in plastic composites. Therefore, fully biobased composites were
fabricated using barley fibers and a biobased polyethylene (BioPE) as polymer matrix. BioPE is
completely biobased and 100% recyclable. As for material performance, the flexural properties of
the materials were studied. A good dispersion of the reinforcement inside the plastic was achieved
contributing to the elevate increments in the flexural strength. At a 45 wt.% of reinforcement,
an increment in the flexural strength of about 147% was attained. The mean contribution of the fibers
to the flexural strength was assessed by means of a fiber flexural strength factor, reaching a value of
91.4. The micromechanical analysis allowed the prediction of the intrinsic flexural strength of the
fibers, arriving up to around 700 MPa, and coupling factors between 0.18 and 0.19, which are in line
with other natural fiber composites. Overall, the investigation brightness on the potential use of barley
straw residues as reinforcement in fully biobased polymer composites.

Keywords: barley straw; composite; flexural strength; biobased polyethylene

1. Introduction

The agri-food industry is becoming increasingly important in the world. In 1950, the world
population was estimated to be around 2.6 billion people according to United Nations. Seventy years
later, this number is still rising (7.7 billion) and is expected to reach 10 billion by 2050 [1]. This enormous
increase in population brings with it major challenges to be faced, two of which are: to provide food,
and to reduce as much as possible the depletion of natural resources. In addition, socially, in recent
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years there has been a change in the way of life, with an increase in the population in the cities, to the
detriment of rural areas, leading to depopulation that undoubtedly affects the natural environment.

The agri-food activity becomes one of the pillars on which to sustain an economic model and
sustainable development, environmentally, economically, and socially. If society really wants to
approach a sustainable development, it is necessary to leave the linear economic model and evolve to
a circular one, where each of the inputs is valued, so that the amount of waste tends to zero. In the
agricultural activity the great amount of resources that are used, human and material, do it not only
in the growth of the grain or fruit, but also in the growth of the plant. This therefore generates
a considerable amount of waste, also called lignocellulosic biomass, the recovery of which would bring
great benefits to the agricultural economic cycle, which is sometimes in need of subsidies. In fact,
if a product with added value is obtained from a waste, an economic return can be obtained from it.

World cereal production in 2018 was 2,968 MM tons, with a cultivated area of 728 MM hectares.
Barley contributed 4.75% of total production, with 141 million tons, representing production in the
countries of the European Union a 40% (56 million tons), according to the FAOSTAT (Food and
Agriculture organization of the United Nations). It can be deduced, considering a straw/grain ratio
around 1 [2,3], the enormous amount of waste that this activity generates every year.

Using a byproduct from any agri-food or industrial process to obtain products with added value is
one of the goals of the circular economy and it is also in line with the principles of green chemistry [4].
In some cases, cereal straws are left in the fields to be incinerated or decomposed as fertilizer for the
next harvest [5]. These practices provide undoubted benefits but also produce CO, emissions and
can be impractical for long straws and useful only for stubble. Moreover, country regulations are
increasingly controlling agri-food waste incineration in order to prevent fires and unhealthy emissions.
Thus, other solutions to manage such agri-food must be explored. In the case of barley straw there
have been intents to use such waste as biofuel source [6-9] with successful results. Nonetheless,
the use of this waste as biofuel source is only possible if a treatment plant is near enough in terms of
transport costs. There is also literature dealing with the use of barley straws in the paper and board
industry [10,11]. Other researchers have proposed barley straws for algae control purposes [12,13] and
to prevent soil erosion on some plantations [14,15]. Thus, barley straws have showed that it is possible
to create value from such wastes.

Composite materials reinforcement is a field were the exploitation of lignocellulosic waste has been
extensively explored [16,17]. The use of a variety of agri-food waste from annual plants as composite
reinforcements has revealed the potential of such fibers as strength and stiffness enhancers [18-20].
Lignocellulosic reinforced materials are intended to be greener than glass fiber reinforced ones,
while showing similar mechanical to be commercially competitive. The main obstacles in obtaining
comparatively high strengths and stiffness with lignocellulosic fibers are, on the one hand the
compatibility between hydrophobic polymer matrices and hydrophilic natural fibers that hinder
obtaining strong interfaces [21,22]. On the other hand, the intrinsic properties of natural fibers are
lower than those of mineral ones [23,24]. The literature shows how the use of coupling agents
allows obtaining strong interfaces for polyolefin-based materials, specifically maleic anhydride-grafted
polymers [22,25,26]. Thus, in the case of polyolefin-based composites, a careful dosage of coupling
agent solves strong interfaces issues. The intrinsic properties of natural fibers are notably lower than
glass fiber. Moreover, the properties of natural fibers show higher scatter than manmade materials.
Thus, it is not possible to obtain the same strengths at the same reinforcement contents. Nonetheless,
it is possible to add higher amounts of natural fiber to a composite than glass fiber and obtain similar
mechanic properties [27,28].

Surprisingly, the literature about barley straw reinforced polymers is scarce. Barley straws are
mainly used as concrete or elastomer fillers [29-32]. Hyvérinen and Kérki explored using barley
straw instead of wood fibers as polypropylene reinforcement [33]. The researchers found how the
mechanical properties of barley straw reinforced materials were lower than wood fiber reinforced
ones. Silva-Guzman et al. researched the effect of barley straw on the mechanical properties of a corn
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starch polymer-based composite [34]. The authors observed a positive effect of the presence of the
reinforcements on the strength and stiffness of the materials. Nonetheless, the authors used low
reinforcement contents, with a 15% wj/w highest percentage. Rojas-Leon et al. used barley straw
particles with recycled high-density polyethylene (HDPE) to obtain particleboards [35]. In this paper
the interface between barley straw and HDPE was weak as the mechanical properties of the materials
decreased with the filler contents. Serra-Parareda et al. researched the effect of barley straw content on
the tensile strength of mold injected composites [36]. In this paper the authors found that adding a 6%
of coupling agent returned the highest tensile strength values. The authors also obtained the intrinsic
tensile strength and Young’s modulus of the reinforcements. To the extent of authors” knowledge there
is no literature on the flexural strength of barley straw reinforced polyolefin composites.

Knowing the flexural properties of a material is of great importance for engineers. Moreover,
when the material is clearly anisotropic, as semi-oriented short fiber reinforced composites [37-39].
Usually, products and components are used under bending conditions and purely tensile cases are
scarce in comparison. Thus, designers are interested in previewing the behavior of such components
under flexural loads [40,41]. Additionally, the intrinsic flexural strength of barley straw is unknown
in the literature. Knowing such value can be used to model the behavior of composites at different
reinforcement contents.

In the current investigation barley straw fibers were submitted to elevated temperatures and
then defibrated to obtain single fibers. Fully biobased composites were prepared based on a biobased
polyethylene matrix reinforced with 15, 30 and 45 wt.% of barley fibers. A coupling agent was added
to the formulation to enhance the interfacial adhesion. The materials were injection-molded and
subjected under three-point bending test to evaluate the flexural properties. The properties were
studied from a macro and micromechanical viewpoint, where the intrinsic flexural strength of the
fibers, the coupling factors, and the contribution of the reinforcements to the flexural strength of the
composite were assessed as main important outcomes. Overall, the current investigation explores the
potential of barley straw residues in added value applications by its incorporation in a fully biobased
matrix, contributing to global sustainable development.

2. Results

2.1. Fibers Characterization

Barley straws were submitted to steam-water treatment with further defibration by means of Sprout
Waldron equipment, obtaining barley thermomechanical (TM) fibers. The chemical composition and
morphology of the fibers was examined as two main important factors affecting composite’s properties.
On the one hand, the chemical composition of the fibers plays a key role in establishing the extend of
interaction between the fibers and the matrix, assisted by the coupling agent. This phenomenon will
affect the stress-transfer between the phases inside the composite [42,43]. On the other hand, a definite
fiber aspect ratio is required for the effective stress-transfer between the phases. In this way, when the
stress concentration at the fiber ends, this leads to the matrix cracking. Thereby, shorter aspect ratios
will bring to more fiber ends, acting as stress concentration points with failure potential [44].

Hence, the initial evaluation of the chemical and morphological composition is needed. Table 1
presents the chemical constituents and the mean fiber length and diameter of the original barley straw
and the thermomechanical fibers. For readers’ convenience, illustrations of untreated barley straw and
thermomechanically treated barley fibers are presented in Figure 1.
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Table 1. Chemical and morphological composition of barley straw and barley thermomechanical

(TMP) fibers.
Composition/Morphology Barley Straw Barley TMP Fibers

Holocellulose (wt.%) 70.12 £ 0.54 77.67 £ 0.61
Klason lignin (wt.%) 16.45 + 0.34 15.30 £ 0.46
Extractives (wt.%) 5.90 £ 0.76 273 +£0.12

Ashes (Wt.%) 71+02 43+03

Length ! (um) - 745 + 21

Diameter (um) - 19.6 £ 0.6

Aspect ratio (length/diameter) - 38.0

1 Length weighted in length.

b)

Figure 1. Barley straw images (a) before being treated and (b) after the thermomechanical process.

From Table 1, barley straw is rich in holocellulose with a relatively small portion of lignin in
comparison with other sources of natural fibers. For example, wood fibers possess higher lignin
content, with minor amount of holocellulose. This is explained by the fact that in wood fibers lignin
is needed to ensure the maintenance of the fiber cell wall structure [45,46]. The thermomechanical
treatment removed part of the lignin, some of the extractives and ashes. As expected, an increase in
the carbohydrate content (holocellulose) was experimented owing to changes of the lignin, extractives,
and ashes content. The thermomechanical treatment also promoted the release of fiber elements with
high aspect ratio (38.0). The weighted fiber length is here considered.

By treating the fibers at high temperatures, the lignin is softened, and fibers breakage is more
likely to occur at the outsider layers of the fiber cell wall, between the primary wall and middle lamella.
Here is where the largest concentration of lignin (~70 wt.%) is found, attaching the individual fibers
together, with minor amounts of cellulose (~10 wt.%) and hemicellulose (~20 wt.%) [45].

During the thermomechanical treatment, part of the lignin can be dissolved in the hot water and
released from the fiber cell wall during the mechanical defibration. Lignin is bonded to the surface
of carbohydrates (Figure 2), therefore its removal can finally lead to the release of hemicelluloses,
extractives, and inorganic matter. As a result, the global yield in thermomechanical processes renders
values between the 85% and 95% depending on the severity of the treatment, indicating the loss of the
chemical constituents throughout the process [47,48].
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Hemicellulose
Extractives

Cellulose fibril

Lignin
Figure 2. Illustration of the distribution of the lignin and carbohydrates in the fiber surface.

Overall, the thermomechanical fibers produced from barley straw show high amount of
holocellulose fibers with relatively high aspect ratio. Therefore, in regions with big availability
of this biomass, deforestation can be prevented. These fibers show to be good candidates as reinforcing
fibers in composite materials.

2.2. Optimization of the Coupling Agent

The flexural properties in composite materials depend on the type and amount of reinforcement,
orientation and morphology of the fibers, the dispersion of the reinforcement inside the matrix,
and largely on the quality at the interphase [5,37,49]. However, the different nature of natural fibers and
thermoplastics hinders the spontaneous interactions between both materials. The lack of compatibility
is explained by the different chemical structure of thermoplastics and natural fibers driving to different
polarities. The hydroxyl groups in the fiber surface gives them and hydrophilic nature, whereas the
hydrocarbon structure of thermoplastics confers them hydrophobicity.

As a result, the poor compatibility hinders the stress-transfer capacity and makes difficult the
increment of the strength by the addition of the lignocellulosic reinforcement. To enhance the interfacial
adhesion, coupling agents have proved to work efficiently in this purpose. More specifically, maleic
anhydride polyethylene (MAPE) can be used to increase the interactions between both phases. In this
context, the coupling agent form linkages with the hydroxyl groups in the fibers’ surface by means of
hydrogen bonds and covalent interaction with the maleic groups, and by chain entangling with the
unmodified BioPE chains, as illustrated in Figure 3.

Lignocellulosic fiber’s MAPE BioPE chain Fiber-MAPE-BioPE
surface

—OH

|
3 CH, — CH, »

O//c\o/c\\
0

Figure 3. Illustration of maleic anhydride polyethylene (MAPE) interaction between the fiber and

the matrix.

The efficiency of the coupling agent depends largely on the amount of bonding and the interaction
quality with the natural fibers [50,51]. The optimal content of MAPE in natural fiber composites has
been found to be between 4 and 8 wt.% with respect to fiber content [42,52,53]. The amount of MAPE
added will depend on the fiber content, thus, the optimal amount of MAPE needed to enhance the
interfacial bonding will be investigated in view of the fiber loading.
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To investigate how the content MAPE affected the interfacial adhesion, varying amounts of MAPE
0, 2, 4, 6, 8, and 10 wt.%) with respect to fiber content were added to composites reinforced with
30 wt.% of barley fibers. The coupling agent was optimized to achieve the highest flexural strength,
indicative of an optimal fiber-to-matrix interfacial union. When the amount of coupling agent was
optimized, the same MAPE percentage was then applied to the rest of the composites with different
fiber loadings. These results are shown in Figure 4.

43.21 41.12

37.98
35.40
29.37
1 2215
5 ]
O . T T T T T
0 2 < 6 8 10

MAPE (wt.%)

Flexural strength (MPa)
= NN W W D
“xun O nn © »nn O

=
o
1

Figure 4. Flexural strength of composites at 30 wt.% and different MAPE content.

The composite material without MAPE showed a similar flexural strength than the neat matrix
(21.25 MPa), evidencing scarce compatibility between composite phases. Still, however, the addition
of barley TMP fibers into the polymer did not decrease the flexural strength. However, by adding
the coupling agent the flexural increases, reaching a maximum value at 6 wt.% of MAPE. For lower
amounts of coupling agent, little improvement was observed, whereas much high amounts of coupling
agent the gaining in property was again reduced. The reduction of the flexural strength at too high
amounts of coupling agent can be attributed to the much shorter polymer lengths of MAPE polymer,
as compared to the polymer itself; the benefits of the coupling agent were less compared to the effect of
shorter polymer chains in the formulation.

Once the content of MAPE was optimized, the flexural properties of the composite materials at
other formulations were examined.

2.3. Flexural Properties of Barley Fiber Composites

The barley fibers were incorporated to a biobased polyethylene, and the flexural properties
measured. The results of the bending test as function of the fiber loading are presented in Table 2,
where VI is the reinforcement volume fraction, o¢© is the flexural strength of the composite, €€ is the
deformation at the maximum flexural strength value, and o¢™* is the contribution of the matrix to the
tensile strength.

Table 2. Flexural properties of BioPE composites reinforced with barley fibers.

Reinforcement £ os€ g€ ogm*

Sample (Wt.%) v (MPa) (%) (MPa)
BioPE 0 0 21.25 +£0.95 7.18 £ 0.41 21.25

15 0.111 30.21 £1.23 4.03 +0.28 18.21

BioPE/Barley fibers 30 0.233  43.21 +0.89 3.52 +0.31 16.98
45 0.367 52.45 + 145 2.85+0.19 15.14
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The values of of™* were obtained from the stress-strain curves of the neat matrix by computing

the stress of the matrix at the deformation where the maximum stress of the composite was produced
(Figure 5).

25 ~
—20 -4 .
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= [of.30%
R oy ¢
X o, 45%
g
%
(—210-
3
x
X}
“ 5 o oo
O N
2 122
0 T O\ Q\Q T T T 1
0 2 4 6 8 10 12

Deformation (%)

Figure 5. Flexural stress-strain curve of BioPE. Evaluation of the matrix contribution to the flexural
strength of the composite.

The flexural strength of the composites followed a linear evolution with the fiber volume fraction.
This indicated a proper stress transfer between the phases and a good dispersion of the reinforcement
inside the plastic matrix. The addition of the fibers produced an enhancement in the flexural strength
about the 42%, 103% and 147% in the composite reinforced with the 15, 30 and 45 wt.%, with respect to
the neat matrix.

These are remarkable increments considering the type of raw biomass used, which is an agricultural
residue. In fact, barley composites exhibited comparative flexural properties than other natural fiber
composites by using wood fibers, such as spruce, and higher than other agricultural residues [54-56].
This performance can be attributed to the chemical composition of barley fibers.

Cellulose is the major crystalline compound and its aligned structure confers the strength and
stiffness to the fiber cell wall structure. As a result, one can expect a higher contribution to the flexural
strength of the composite when the reinforcement possesses higher amounts of holocellulose [57].
Besides, lignin is an amorphous polymer with a certain degree of hydrophobicity, which does not
significantly contribute to the mechanical properties of the fibers, though, the compound plays a major
role in binding the cellulosic chains and favoring the stress-transfer within the fibers and with the
matrix [58] (Figure 6). According to Bledzki et al. [59,60], an increment on the composite’s strength
can be attributed to higher cellulose and lignin content, as well as to an optimal dispersion and
interfacial adhesion of the reinforcement with the matrix. Moreover, Shebani et al. [61] stated that
optimal amounts of lignin can act as binding between the cellulose fibrils, granting to the stress transfer
between the fibrils. This statement is in accordance with previous investigation of the research group
dealing with the influence of lignin in natural fiber composites [45].

Cellulose

Lignin

Hemicellulose

Figure 6. Hierarchical structure of lignocellulosic biomass.
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In the present case, fibers’ breakage occurred at the outer layers of the fiber cell wall during the
thermomechanical treatment, where the major concentration of lignin is placed. The outer layers
are covered in its surface by lignin, and it is there where one can hope for an optimal compatibility
fiber-to-fiber and fiber-to-matrix, favoring the stress-transfer throughout the fibers. The fact that the
BioPE can be reinforced up to a 45 wt.% of these fibers is explained by the good compatibility given by
the chemical composition of the fibers.

Apart from its chemical composition, the high aspect ratios of the fibers also confer the material
a larger capacity of transferring the stress through the fibers and incrementing the final strength of
the material.

The deformation of the materials was significantly affected by the addition of a more rigid phase.
This fact is attributed to the increased adhesion between the phases and the greater rigidity of barley
fibers in comparison with the soft BioPE [41,62]. This reduced the deformation ability of the material.
A micro-mechanical analysis was also performed to better understand the behavior of the composites.

2.4. Intrinsic Flexural Strength Properties

The strength of natural fiber composites is a combination of the strength supported by the
polymeric phase and the stress effectively transferred to the reinforcing fibers. As abovementioned,
the stress supported by the polymeric phase is obtained from the stress-strain curve of the neat matrix.
Thereby, the difference between the strength of the composite and the stress supported by the plastic
matrix is attributed to the stress transferred to the reinforcement. Thereafter, it is possible to quantify
the effectiveness of the fibers inside the composite, as well as its intrinsic mechanical properties.

One of the simplest methods used to express the contribution of the phases to the material’s
strength is by using the modified Rule of Mixtures (mRoM) [63,64]. The model was initially developed
to be applied to tensile properties, though, it can also be extended to flexural ones. The mRoM for
tensile and flexural properties are shown in Equations (1) and (2), respectively.

TensilemRoM o = fo;x of x VF + o™ x (1 - Vf) @

FlexuralmRoM O‘E = fofX Gf x Vi G?‘* X (1 — Vf) (2)

where of and o are the intrinsic tensile and flexural strength of the fibers, and f.; and f_ ¢ are the
tensile and flexural coupling factors. Generally, in short semi-aligned fiber composites with strong
interfacial adhesion, the coupling factor tends to a value between 0.18 and 0.20. In its current shape,
the mRoM contain two incognita, which are the intrinsic strength and the coupling factor.

The value of the intrinsic tensile strength of the fibers was calculated in previous works [36] by
using the Kelly and Tyson modified equation and its solution, provided by Bowyer and Bader [65,66].
In that work, a pre-evaluation of the tensile properties in view of the fiber orientation, fiber morphology
and interfacial adhesion was carried out. The investigation allowed the acquisition of the orientation
factor (0.309) and interfacial shear strength (10.49), as important outcomes. At a 6 wt.% of MAPE,
the intrinsic tensile strength of barley fibers at a 30% of reinforcement was 521.2 MPa. Though,
the current investigation incorporates the tensile properties of composites reinforced with a 15 and
45 wt.%. By following the same methodology, the intrinsic tensile strength of the fibers was obtained,
with values of 532.9 and 500.5 MPa, at a 15 and 45 wt.%, respectively. Once computed the intrinsic
tensile strengths, one can calculate the tensile coupling factors from Equation (1) at each fiber loading.

Nonetheless, the calculus of the intrinsic flexural strength is not as straightforward as one could
expect. For example, Hashemi [67] proposed a correlation between the composite’s and fiber’s tensile
and flexural strength, defined by Gf = (0‘?/ crf) x of However, as reported by the same author,
this assumption may not be necessarily correct.

Recent work methodologies suggested to only account for the fiber contribution to the composite
strength. A correlation was established between the contribution of the fibers to both the tensile and
flexural strength of the composite, and the intrinsic flexural and tensile strength of the reinforcement.

102



Molecules 2020, 25, 2242

This assumption is made upon the fact that the tensile and flexural coupling factors are in the same
order of magnitude, since the factor is not dependent on the type of test conducted, either flexural or
tensile. Additionally, the tensile coupling factor (fc,t) and the flexural coupling factor (fc,t), which largely
depend on the quality at the interphase, fiber’s morphology and dispersion of the fibers inside the
matrix, should acquire alike values in both tests. Assuming this hypothesis, the net contribution of the
fibers to the tensile (f. X oF x V) and flexural (foex Gf x V1) strength of the composite should be directly
correlated to the intrinsic tensile strength (Gf) and intrinsic flexural strength (Gf ) of the fibers [38,39,68].

The global contribution of the fibers to the tensile and flexural strength of the composite can be
obtained by reorganizing the mRoM. Thereby, it is possible to isolate the net contribution of the fibers
to the strength of the composite with the fiber volume fraction. Afterwards, if the net contribution is
plotted versus the volume fraction in each of the composites, the fiber flexural strength factor (FFSF)
(Equation (3)) and the fiber tensile strength factor (FTSF) (Equation (4)) is obtained from the slope of
the line [69].

c_ ~m* _vf

FFSF f, ¢xof = (%ﬁ“v)) 3)
c_ ~m* _vf

FISF fo(xof = (%f(”)) 4)

Knowing the intrinsic tensile strength, and the global contribution of the fibers to the tensile and
flexural strength of the composite, it is possible to calculate the intrinsic flexural strength of the fibers
following Equation (5).

o

ialies]

FFSF
~ FTSF ©)

0,

-

To compute the contribution of the fibers to the tensile strength of the composite, the tensile
properties are needed (Table 3). The properties were extracted from the previous work dealing with
tensile properties [36].

Table 3. Tensile properties of BioPE composites reinforced with barley fibers.

Reinforcement £ o€ g€ o™

Sample (Wt.%) v (MPa) (%) (MPa)
BioPE 0 0 18.05 + 0.74 12.18 +0.34 18.05

15 0.111 25.21 + 0.64 7.65 +0.24 16.37

BioPE/Barley fibers 30 0.233 34.70 = 0.90 6.45 + 0.31 16.76
45 0.367 43.10 + 0.57 4.69 +0.33 15.86

Briefly, the tensile strength followed a linear evolution with the fiber content. Increments in the
tensile strength parameter were obtained about the 40%, 92% and 139%. The global contribution of the
fibers to the composite strength computed by means of the FTSF and FFSF are presented in Figure 7.
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Figure 7. Fiber tensile strength factor (FTSF) and fiber flexural strength factor (FFSF).

The contribution of the fibers to the flexural strength (FFSF = 120.8) was significantly higher than
in the tensile one (FTSF = 91.44). This is attributed to the fact that composites subjected to flexural loads
support a combination of compressive and tensile forces at the cross-sectional area of the specimens
(Figure 8).

Surface in compression
Force

\ l COMP (-)

Nig -

Neutral axis

<

Neutral axis

I TENS (+)

Force orce

Surface in tension
Figure 8. Combination of compression and tension forces during the flexural test.

Some authors explain that while composites subjected to tensile test are fully loaded under tensile
stresses, flexural specimens are loaded under compressive and tensile forces at the same time. Since
most of the thermoplastics have a larger capacity to withstand the load under compression rather than
tensile, the part of the specimen subjected to compression is expected to contribute more than the one
submitted to tensile stress. As a result, flexural specimens will support higher stresses than tensile
ones. Other authors state that the anisotropy of the fibers and their semi-alignment inside the plastic
can contribute more extensively to the flexural strength [56].

Overall, the FFSF was found to be higher than in other composites reinforced with different sources
of agricultural residues, reflecting the potential of barley straws in composites field. In comparison
with wood fiber reinforced composites, the FFSF did not differ much, though, larger discrepancies
could be observed with the FTSE. Nonetheless, this could be an advantage for composite materials
subjected to flexural loads since the replacement of agricultural residues for wood fibers would be an
attractive alternative.

Considering the relationship between the contribution of the fibers to the flexural and tensile
strength of the composite (FFSF/FTSF), and with knowledge of the intrinsic tensile strength of the
fibers, it is therefore possible to determine the intrinsic flexural strength according to Equation (5).
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Then, by using the mRoM for both the tensile and flexural properties, the respective coupling factors
can be obtained and compared (Table 4).

Table 4. Intrinsic flexural (o¢F) and tensile strength (oF) of the fibers, and flexural (fc,f) and tensile (fc,t)
coupling factors.

Reinf ¢ Tensile Flexural
S 1 einrorcemen FFSF
ampre (wt.%) FISE of ger O g
(MPa) ’ (MPa) ’
. 15 5329 0.18 7034 0.18
Bblggg " 30 1.32 521.2 0.18 688.0 0.19
y 45 500.5 0.18 660.7 0.18

The intrinsic flexural strength increased to 703.4 MPa at a 15 wt.% of reinforcement, being lower at
the 45 wt.% (660.7 MPa). The followed methodology was proved to work efficiently owing to the great
similarities between the tensile and flexural coupling factors. As previously mentioned, the coupling
factor in natural fiber composites with optimal interfaces is between 0.18 and 0.20, proving the good
interface in barley composites.

3. Materials and Methods

3.1. Materials

Composite materials were prepared using biobased polyethylene (BioPE) as polymer matrix
and barley straw residues as reinforcement. BioPE was kindly supplied by Braskem (Sao Paulo,
Brazil). BioPE is obtained from bioethanol coming from sugarcane feedstocks. Thereby, the polymer is
completely biobased and 100% recyclable in the same chain established for the conventional fossil-based
polyethylene. The melt flow index of the polymer is 20 g/10 for hammer weight of 2.16 kg, with
a density of 0.955 g/cm3. Maleic anhydride polyethylene was added as coupling agent to enhance the
interfacial adhesion between the matrix and the reinforcement. The coupling agent (Fusabond MB100D)
was supplied by DuPont (Wilmington, DE, USA). Barley straws residues were kindly provided by Mas
Clara S.A. (Girona, Spain). The length of a single barley straw ranged from 5 to 50 cm, with diameters
between 0.1 and 0.6 cm.

Ethanol (95 wt.%), toluene (99.5 wt.%) and sulfuric acid (72 wt.%) were employed for the
chemical characterization of the fibers. All reagents used in the present investigation were supplied by
Sigma-Aldrich and used as received.

3.2. Methods

3.2.1. Thermomechanical (TM) Barley Straw Fiber Production and Characterization

Barley straw was chopped by means of a blade mill with a 3 mm mesh. Straw particles were then
subjected to a thermomechanical treatment for the extraction of single fibers (TMP fibers). For this,
the lignocellulosic material was submitted to steam-water treatment in a pressurized reactor at 160 °C
temperature and solid to liquid ratio of 1:6 for 15 min. Afterwards, the obtained suspension was
filtered and washed thoroughly with distilled water. The obtained pulp was mechanically defibrated
by using Sprout Waldon equipment, responsible of the fiber defibering. Finally, fibers were oven-dried
at 80 °C until constant weight.

The chemical composition and morphology of the fibers was examined. The size distribution
analysis was carried out using MORFI equipment (TechPAP, Giéres, France). A minimum of 4
samples were analyzed, taking 30,000 images of fibers in each analysis. The analysis of the chemical
constituents was carried out from the analysis of the ethanol soluble extractives (TAPPI T204 cm-07),
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ashes (ISO 2144:2019) and lignin (ISO/DIS 21436). The holocellulose content (cellulose + hemicelluloses)
was measured by difference.

3.2.2. Composites Preparation and Sample Obtaining

BioPE and barley TMP fibers were blended at weight ratios of 85/15, 70/30 and 55/45
(matrix/reinforcement) by means of an intensive Gelimat kinetic mixer. Initially, the fibers were
introduced in the mixer at a speed of 300 rpm. The polymer and the coupling agent were then added
to the mixer chamber maintaining constant speed. The speed was then increased up to 2500 rpm
until the polymer was completely melted. The composite is then after discharged and cooled down
and pelletized using a blade mill equipped with a 5 mm mesh. The material was oven-dried until
constant weight.

The specimens for the flexural test were produced with a steel mold in an injection molding
machine Aurburg 220 M 350-90U (Aurburg, Loburg, Germany). Tensile specimens were also acquired
for the determination of the tensile properties of the composites.

3.2.3. Mechanical Test

Prior to testing, specimens were placed in a conditioning chamber (Dycometal, Sant Boi de
Llobregat, Spain) at 23 °C and 50% relative humidity for 48 h, according to ASTM D618 standard.
Flexural properties of the specimens were determined by means of an INSTRON universal testing
machine equipped with a 5 kN load cell. The flexural test was performed following ASTM D790.
Tensile properties were also measured following ASTM D638 standard. At least five specimens of each
composite formulation were tested.

Figure 9 presents a schematic flowchart of the experimental procedure, including composite’s
preparation and the analysis of its properties.
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|
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|
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1
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Figure 9. Flowchart of the current investigation.
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4. Conclusions

The present work evaluates the feasibility of incorporating barley straw fibers as reinforcement
in a biobased polyethylene to develop a fully biobased and 100% recyclable material. Barley straw
was treated by means of a thermomechanical process and the resulting fibers were evaluated in terms
of its chemical composition and its morphology. The efficiency of barley fibers was enhanced by the
addition of anhydride maleic polyethylene as coupling agent. The flexural behavior of the material was
investigated as important property determining the suitability of the material for several applications.
The addition of barley straw fibers caused enlargement in the flexural strength about the 42%, 103% and
147% at 15, 30 and 45 wt.% fiber content, respectively.

A methodology was followed to determine the intrinsic flexural strength of the fibers.
The methodology assumes that the flexural and tensile coupling factors are in the same order
of magnitude. The coupling factors were found to be in the range from 0.18 to 0.20, an indication of the
existence of strong interfaces for semi-aligned short fiber reinforced composites. The intrinsic flexural
strength of barley straw changed with the amount of reinforcement, showing values ranging from
700 MPa at a 15 wt.% to 660 MPa at a 45 wt.% reinforcement content. The results from the study show
the suitability of barley straw biobased composites for semi-structural and engineering purposes.
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