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Murillo Zamora, Mary Lopretti and José Roberto Vega-Baudrit
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Amparo Jiménez-Quero, Eric Pollet, Luc Avérous and Vincent Phalip
Optimized Bioproduction of Itaconic and Fumaric Acids Based on Solid-State Fermentation of
Lignocellulosic Biomass
Reprinted from: Molecules 2020, 25, 1070, doi:10.3390/molecules25051070 . . . . . . . . . . . . . . 279

Aleksandra Wawro, Jolanta Batog and Weronika Gieparda
Polish Varieties of Industrial Hemp and Their Utilisation in the Efficient Production of
Lignocellulosic Ethanol
Reprinted from: Molecules 2021, 26, 6467, doi:10.3390/molecules26216467 . . . . . . . . . . . . . . 293

Arianna Lucia, Markus Bacher, Hendrikus W. G. van Herwijnen and Thomas Rosenau
A Direct Silanization Protocol for Dialdehyde Cellulose
Reprinted from: Molecules 2020, 25, 2458, doi:10.3390/molecules25102458 . . . . . . . . . . . . . . 309

vi



About the Editors

Alejandro Rodrı́guez Pascual

Dr. Alejandro Rodrı́guez Pascual is a Full Professor of the Chemical Engineering Department.

He studied Chemistry and Food and Science Technology before obtaining his doctorate in Chemical
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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 Rodrı́guez Pascual, Eduardo Espinosa Vı́ctor

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 CO2-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. Bascón-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−1 by this process. Nikolic et al. [7] investigated the
potential of kraft lignin as a support material for the removal of hydrogen sulfide (H2S)
from gaseous streams, such as biogas. The removal of H2S was enabled by copper ions
that were previously adsorbed on kraft lignin. They reported a removal capacity of 2 mg
H2S 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
β-cyclodextrin (βCD) of TEMPO-oxidized cellulose nanofibers (toCNF) samples with dif-
ferent carboxyl contents for biomedical applications. They reported covalent esterification
binding between β-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-Rascón 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 FeCl3 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 FeCl3. Oliva-
Taravilla et al. [10] investigated the use of four biosurfactants, namely, horse-chestnut escin,
Pseudomonas aeruginosa rhamnolipid, 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 β-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 β-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].
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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 (β-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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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 C2–C6 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 (OHα),
and possible removal of OHγ-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 c 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 c and d combined (Figure 2) are collected in Figure 4.
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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 H2, 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 (250–280 ◦C, 240–333 bar H2 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
H2), 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], H3PO4 + 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 (H3PO4), 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-W2C/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-W2C/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)/H2O) 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 H2,
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 + H4SiW12O40) 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 + LiTaMoO6 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 + H2 and Pd/C + H2 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 ZnII 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 Cγ position of the β-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 β-O-4 motifs accelerated the
Cβ-O cleavage, maintaining the original structure of lignin [53].

Román-Leshkov et al. investigated the RCF of corn stover using Ru/C and Ni/C catalysts and
H3PO4 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 (H3PO4) 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 (C2-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 β-O-4 ether linkages within the aromatic lignin structure. Pd/C is required for
cleaving α-O-4, 4-O-5 and β–β 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 (HCl, H2SO4, H3PO4, and CH3COOH)
was studied for the tandem RCF process in another publication [58]. Al(OTf)3 and HCl, 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/Al2O3 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/Al2O3 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 Román-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].Molecules 2020, 25, x FOR PEER REVIEW 13 of 24 
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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 Román-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
Cu20PMO (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% C5 and 93% C6 sugar retention in the presence of Ni/Al2O3

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
Ni2P/SiO2 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+, H2O2), 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 ß-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)3 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 1st 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/Nb2O5 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 ZnMoO4 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
MoS2 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 β-O-4 bonds in birch into functionalized aromatics (2018 third row in Figure 4),
xylose, and glucose under visible light at room temperature. The β-O-4 bond in lignin is cleaved by
an electron–hole coupled photoredox mechanism based on a Cα 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 β-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/Al2O3 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: MoxC/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 H2 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 H2 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/Al2O3 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 H2 pressure by the selective cleavage
of β-O-4 lignin bonds (entry 76 in Table 1). Subsequently, the methoxy groups were removed by
combination of MoP/SiO2 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], Román-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 γ-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,
C5–C6 ketones, and furans over sulfided NiMo/Al2O3 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 β-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 H2 and CH4 [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.

28



Molecules 2020, 25, 3829

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.

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].

Parameter
Value (wt%) 1

Peel Rachis

Cellulose 12.17 ± 0.21 23.0 ± 1.1
Hemicellulose 10.19 ± 0.12 11.2 ± 2.2

(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 5.13 ± 0.14 -
Pectin 15.9 ± 0.3 -
Ashes 9.81 ± 0.42 29.9 ± 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 (LCMNF)
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 HCl 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. Polysaccharides in
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].

33



Molecules 2020, 25, 3829

Poly-(l-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].

Figure 5. Synthetic path to produce Poly-(l-lactic acid) (PLA) from l-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-β-D-glucanase (CMCase), and exo-1,4-β-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].

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.

Year

Whole Residue-Based Estimates a Peel-Based Estimates b

Yield
(kt/Year)

Energy from
Biomass
Residue
(MJ/kg)

Energy
Potential

(PJ)

Potential
Power

Generation
(MW)

Energy
from Peel
Residue
(MJ/kg)

Energy
Potential

(PJ)

Potential
Power

Generation
(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, b 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

35



Molecules 2020, 25, 3829

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].

Figure 7. Removal efficiency of benzoic acid (BA) and salicylic acid (SA) from water samples using
banana peel as adsorbent (C0 = 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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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 correspondingα-d-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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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 MnO2/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).Molecules 2020, 25, x FOR PEER REVIEW 5 of 38 

 

 

. 

Scheme 4. (A) Concept of direct electrochemical transformations; (B) Proposed mechanism of MnO2 
catalysed electrooxidation of cellulose to glucose. 

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 

Scheme 4. (A) Concept of direct electrochemical transformations; (B) Proposed mechanism of MnO2

catalysed electrooxidation of cellulose to glucose.

44



Molecules 2020, 25, 3712

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 d-raffinose trisuronate (9) and isolated in 63% yield (Scheme 5) [15].
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2.2. Disaccharides

Sucrose is a non-reducing disaccharide constituted of d-glucose and d-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 × 106 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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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).Molecules 2020, 25, x FOR PEER REVIEW 8 of 38 
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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 d-glucose units, linked by a α(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 α,α-trehalose (17) toward
α,α-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 s.
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.
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% (Per Mole Oxidised Trehalose)

Conversion 65 61
18 70 66
17 9.5 5

d-glucose 6 10
Glucaric acid 1 0.5
Tartaric acid 0.5 1.2

Tartronic acid 0.5 1.5
Oxalic acid 1 0.2

Gluconic acid 2.5 1.5
2,3,4,5-Hydroxypentanoic acid 1.5 2

Glyceric acid 1.5 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,
d-maltose, and d-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 β(1→4) glycosidic bond. It can
be obtained from materials such as cotton, jute, or paper after hydrolysis of the cellulose. d-maltose
(23) is a stereoisomer of cellobiose, formed of two glucose units which are is this case linked by an
α(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 Schämann et al. reported the scaling up of the electrochemical oxidation
process of d-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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d-Lactose (25) is also a reducing sugar, it is formed of a galactose and a d-glucose subunit, linked by
a β(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]. d-Lactose was electro-oxidised in alkaline media (NaHCO3/Na2CO3) at
constant potential (E = 0.77 V vs. RHE). Under these reaction conditions, d-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 β(1→4) glycosidic bond. This phenomenon
was also observed during the TEMPO electromediated oxidation of d-cellobiose (19).
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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 d-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 d-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 d-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 d-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 d-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 d-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.Molecules 2020, 25, x FOR PEER REVIEW 12 of 38 
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In a following study, Kokoh et al. documented the electrocatalytic oxidation of d-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 d-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 d-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, d-maltose was submitted to its corresponding optimal reaction conditions for long term
electrolysis. However, when d-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 d-maltose was
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converted after eight hours of electrolysis. A second electrolysis of d-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 d-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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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, d-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 d-glucose,
in sulfuric acid, with a lead anode and a platinum cathode [38]. The various products obtained were
d-arabinonic acid and d-glucaric acid, as well as some fragmentation by products such as d-arabinose
and formaldehyde. The slow degradation of d-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 δ- or γ-lactones via an acid catalysed process.
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Table 3. Bromide-mediated indirect electro-oxidation of monosaccharides.

Molecules 2020, 25, x FOR PEER REVIEW 13 of 38 

 

Then, D-maltose was submitted to its corresponding optimal reaction conditions for long term 
electrolysis. However, when D-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 D-maltose was 
converted after eight hours of electrolysis. A second electrolysis of D-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 D-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). 

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, D-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 D-glucose, in sulfuric acid, 
with a lead anode and a platinum cathode [38]. The various products obtained were D-arabinonic 
acid and D-glucaric acid, as well as some fragmentation by products such as D-arabinose and 
formaldehyde. The slow degradation of D-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 δ- or γ-lactones via an acid catalysed process. 

Table 3. Bromide-mediated indirect electro-oxidation of monosaccharides. 

 
Entry Monosaccharide Product Conversion Isolated Yield 

1 
  

96% 77% 

D-glucose (14) Calcium gluconate (29) 

Entry Monosaccharide Product Conversion Isolated Yield

1

Molecules 2020, 25, x FOR PEER REVIEW 13 of 38 

 

Then, D-maltose was submitted to its corresponding optimal reaction conditions for long term 
electrolysis. However, when D-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 D-maltose was 
converted after eight hours of electrolysis. A second electrolysis of D-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 D-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). 

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, D-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 D-glucose, in sulfuric acid, 
with a lead anode and a platinum cathode [38]. The various products obtained were D-arabinonic 
acid and D-glucaric acid, as well as some fragmentation by products such as D-arabinose and 
formaldehyde. The slow degradation of D-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 δ- or γ-lactones via an acid catalysed process. 

Table 3. Bromide-mediated indirect electro-oxidation of monosaccharides. 

 
Entry Monosaccharide Product Conversion Isolated Yield 

1 
  

96% 77% 

D-glucose (14) Calcium gluconate (29) 

Molecules 2020, 25, x FOR PEER REVIEW 13 of 38 

 

Then, D-maltose was submitted to its corresponding optimal reaction conditions for long term 
electrolysis. However, when D-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 D-maltose was 
converted after eight hours of electrolysis. A second electrolysis of D-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 D-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). 

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, D-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 D-glucose, in sulfuric acid, 
with a lead anode and a platinum cathode [38]. The various products obtained were D-arabinonic 
acid and D-glucaric acid, as well as some fragmentation by products such as D-arabinose and 
formaldehyde. The slow degradation of D-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 δ- or γ-lactones via an acid catalysed process. 

Table 3. Bromide-mediated indirect electro-oxidation of monosaccharides. 

 
Entry Monosaccharide Product Conversion Isolated Yield 

1 
  

96% 77% 

D-glucose (14) Calcium gluconate (29) 

96% 77%

d-glucose (14) Calcium gluconate (29)

2

Molecules 2020, 25, x FOR PEER REVIEW 14 of 38 

 

2 
  

98% 54% 

D-galactose (30) Calcium galactonate (31) 

3 
  

94% 69% 

D-mannose (32) Calcium mannonate (33) 

4 
  

91% 40% 

L-arabinose (36) Calcium arabonate (37) 

5   
97% 80% 

D-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 D-gluconate [41,44]. In this process, the calcium D-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 
CaBr2 mediated electro-oxidation of glucose (Scheme 12). 

 
Scheme 12. Complete analysis of the by-products from the CaBr2-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 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 γ-RuCl2(azpy)2 and δ-RuCl2(azpy)2 and their 
immobilisation on carbon fibre materials prior to their electrochemical characterisation. Using CV 
measurements on crude RuCl2(azpy)2, the authors could determine that the redox couple observed 
in the positive scans was Ru(IV)/Ru(III). Voltammograms of the crude ruthenium complex recorded 
in the presence on D-glucose in alkaline medium (0.1 M NaHCO3/Na2CO3) showed no reduction peak, 
thus suggesting a fast reaction between the Ru(IV) and glucose. After having proved that the 
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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 d-gluconate [41,44]. In this process, the calcium d-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 CaBr2 mediated
electro-oxidation of glucose (Scheme 12).
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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 γ-RuCl2(azpy)2 and δ-RuCl2(azpy)2 and their immobilisation
on carbon fibre materials prior to their electrochemical characterisation. Using CV measurements on
crude RuCl2(azpy)2, the authors could determine that the redox couple observed in the positive scans
was Ru(IV)/Ru(III). Voltammograms of the crude ruthenium complex recorded in the presence on
d-glucose in alkaline medium (0.1 M NaHCO3/Na2CO3) 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, d-glucose was electro-oxidised during 45 h at fixed potential in presence of the
crude RuCl2(azpy)2 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 δ-gluconolactone,
but that the gluconic acid can itself be further oxidised and therefore deliver 2-keto-gluconic acid
(Scheme 13).
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Long term electrolyses were carried out using pure γ-RuCl2(azpy)2 and δ-RuCl2(azpy)2, using the
same reaction conditions as the one used for crude RuCl2(azpy)2 catalyst. When γ-RuCl2(azpy)2 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 δ-RuCl2(azpy)2 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 γ-RuCl2(azpy)2 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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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 d-gluconic acid instead of d-glucose was performed, and the desired d-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, Ni, 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, Tl, 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 d-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.

Product
Electrodes (Potentials Vs. RHE)

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, Tl,
and Pb) on both Au and Pt electrodes, in acidic, neutral, and basic mediums for the electrochemical
oxidation of d-glucose [64,65]. The voltammograms recorded in acidic medium (HClO4, 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 (KH2PO4/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 Tl, 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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mechanism for the formation of 2-ketogluconic acid for gluconic acid.

When Pb adatoms were adsorbed on the electrode surface, d-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 d-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.
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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 d-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 (α and β) [70]. Indeed, the free linear aldehyde form of d-glucose is known to be the minor
form in solution, and the α and β-glucopyranose forms are in an equilibrium of approximately 33% and
67% respectively. The authors evaluated the stability of α d-glucose and β d-glucose at low temperature
in acidic, neutral, and basic conditions by polarimetric measurements. In acidic and neutral medium,
the starting form of α or β-glucose used to make the solution remained the major anomer in solution
after 5 h in solution. However, in alkaline medium, β d-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 β d-glucose being the major form in solution, it is difficult to draw conclusions on the
reactivity of the α anomeric form. However, the CV measurements in acidic condition of the α and
of the β d-glucose forms showed some clear difference of reactivity. Indeed, the β d-glucose showed
much higher current density than the α d-glucose, suggesting a much higher reactivity of the β-anomer
on a Pt anode. The hypothesis proposed by the authors is that the β 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 δ-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 theβ d-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 β d-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 δ-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).Molecules 2020, 25, x FOR PEER REVIEW 20 of 38 
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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 d-glucose in alkaline media on a pure gold electrode, targeting d-glucaric acid as the main
product of the reaction, using voltammetric measurements. In order to assign the peaks observed
during CV experiments with d-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 PdxAu10-x/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
Pd3Au7/C showing the highest catalytic activity. With the optimised reaction conditions, d-glucose
(14) was electrolysed at a Pd3Au7/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 d-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 d-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
d-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.
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Product
Chemical Yield (%)

Au a Pt b

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 d-galactose (30), a C-4 epimer of d-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 d-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 d-galactose was carried out for 25 h at room
temperature in 0.1 M NaOH solution. For the three electrodes, d-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 d-galactose.
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Product
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Galactonic acid (31) 34 67 86
Galactaric acid 1 1 3
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Oxalic acid 2 Traces Traces

Glyoxylic acid 2 Traces -
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In this study, the authors propose a mechanism which follows the same steps as the ones described for
the electrochemical oxidation of d-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 d-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 d-mannose (32) was also studied on Pt and Au electrodes [81].
Parpot et al. studied the behaviour of d-mannose to acidic, neutral, and basic conditions on each electrode.
They found that, like d-glucose, d-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, d-mannose was only submitted to basic conditions (0.1 M NaOH). The authors then looked at the
influence of temperature and initial concentration of d-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,
d-mannose was then submitted to long term electrolysis at Au and Pt-Pb adatoms electrodes. At a Au
electrode, 85% of the initial d-mannose was converted in 6 h of electrolysis and showed 49% selectivity
toward d-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 d-mannose
at the Pt-Pb adatoms electrode, 80% conversion of d-mannnose (32) was reached in 11 h. The main
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product was also d-mannonic acid (33, 50% yield), showing a slightly better selectivity than the pure
Au electrode (Table 7).

Table 7. Direct electro-oxidation of d-mannose (32).
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Product
Chemical Yield (%)

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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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, [RhII(DPDE)]+. With the appropriate catalyst, glucose was electro-oxidised
for 3 h in 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 MnO2 [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 MnO2 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 d-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 d-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 d-galactose was low (17% and 43% respectively). Although d-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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Similar results were observed for the electrochemical oxidation of d-mannose (32) on a Ni electrode
under basic conditions (0.1 M NaOH) at constant potential [81]. The conversion of d-mannose was very
low (35%), and a significant amount of degradation products were presents, some in larger quantities
than the desired d-mannonic acid (33, 3% yield).

More recently, Liu et al. reported that nanostructured NiFe oxides (NiFeOx) and NiFe nitrides
(NiFeNx) catalysts exhibit a great activity and selectivity toward the electrochemical oxidation of
d-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 d-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. NiFeOx appeared to be more active than NiFeNx

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 NiFeOx and NiFeNx

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 d-glucose (Scheme 20).
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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
d-raffinose with 63% yield, but also with cellobiose andd-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 d-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
d-glucose, the major product isolated was d-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
Material Catalyst pH Main Reaction

Product Yield Selectivity

Cellulose
Au Alkaline Polyoxidised cellulose

MnO2 Acidic Glucose 72% 100%

Hemicellulose Au Alkaline Polyoxidised xylan

Sucrose
Au Alkaline 1′- and 6-mono acid 17% and 15% 26% and 23%

Pt-Pb Alkaline 6-mono acid 48% 80%

Trehalose Au Alkaline Mono acid (18) 46% 70%

Lactose
Au Alkaline Lactobionic acid 93% 98%

Pt-Pb Alkaline Lactobionic acid 78% 100%

Cellobiose Au NP Alkaline Cellobionic acid >90% >95%

Maltose Au Alkaline Maltobionic acid 73% 92%

Glucose

Au Alkaline Gluconic acid 77% 90%
Au NP Alkaline Gluconic acid 65% 100%

PdAu NP Alkaline Gluconic acid 58% 87%
Pt-Pb Alkaline Gluconic acid 70% 75%

Cu Alkaline Formate 99% 100%
MnO2 Neutral Glucaric acid 42% 47%
NiFe Alkaline Glucaric acid 71% 78%

Xylose Au Alkaline Xylonic acid 61% 62%
PdAu NP Alkaline Xylonic acid 48% 92%

Galactose
Au Alkaline Galactonic acid 86% 92%

Pt-Pb Alkaline Galactonic acid 67% >95%
Ni Alkaline Galactonic acid 9% 53%

Mannose
Au Alkaline Mannonic acid 42% 49%

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
d-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 d-arabinose and
formaldehyde [38]. Other studies focused on monosaccharides electroreduction under basic or neutral
reaction conditions. Creighton et al. reported the successful electrochemical transformation of d-glucose
(14), d-mannose (32), d-fructose (13), and d-xylose (34) to the corresponding alditols in neutral medium
(Na2SO4) [92]. Preliminary tests were performed on the electroreduction of d-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.
d-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.
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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, d-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).
d,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 Zn2+ in the catholyte had been used industrially to improve
the rate of the reaction. The authors investigated how the Zn2+ 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 Na2SO4,
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 H2, 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.
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1 Fe −0.75 V 0.03 - 
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3 Ni −0.41 V 0.075 - 
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Entry Metal Onset Potential
(vs. RHE)

[Sorbitol]
(mM·cm−2)

[2-Deoxysorbitol]
(mM·cm−2)

1 Fe −0.75 V 0.03 -
2 Co −1.0 V 0.06 -
3 Ni −0.41 V 0.075 -
4 Cu −1.3 V 0.15 -
5 Pd -0.87 V 0.09 -
6 Ag −1.05 V and −1.41 V 0.06 -
7 Au −1.05 V 0.15 -
8 Al −1.05 V 0.01 -

9 Zn −1.4 V 0.06 0.07
10 Cd −1.7 V 0.35 0.22
11 In −2 V 0.8 0.8
12 Sn −1.5 V traces 0.05
13 Sb −1.0 V 0.12 0.03
14 Pb −2.0 V 0.7 0.6
15 Bi −1.5 V 0.4 0.05
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First, the reactivity and selectivity of Fe, Co, Ni, Cu, Pd, Ag, Au, and Al electrodes were investigated
in 0.1 M Na2SO4 (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 H2SO4) 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=O 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
d-glucose, other monosaccharides have also been studied. d-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 (Na2SO4, 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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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.
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Entry Alkyl Halide
(R-X)

Product Distribution at Different C Position (%)
Faradaic Yield

2 1′ 3′

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

69



Molecules 2020, 25, 3712

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
Material Catalyst pH Main Reaction Products Yield Selectivity

Mannose Hg Neutral Mannitol 62%

Glucose

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%
Ag Alkaline Sorbitol 100%
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.Molecules 2020, 25, x FOR PEER REVIEW 32 of 38 
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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 δ-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, d-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 (WFe3-xPtx and MoFe3-xPtx, 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, RuO2/TiO2 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 CO2-eq emissions, and an increase in CO2 capture, achieving a CO2-eq storage of 2.12 kg
CO2 eq/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].

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 5.3 ± 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 µm, fiber width of 24.3 µm 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 200×).
Right) Fibers observed at 1000×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 µm, fiber width of
24.3 µm 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 (σ), Young′s modulus (E), and elongation at maximum strength (εmáx)
of filaments.

Code σ (MPa) E (MPa) εmáx (%)

BioPE 20.4 ± 3.1 800 ± 40 23.9 ± 2.1
20HT-F 24.8 ± 1.8 970 ± 100 18.2 ± 2.1
40HT-F 33.0 ± 2.4 1480 ± 200 21.4 ± 2.9
20HT-B 23.8 ± 3.9 1020 ± 60 19.1 ± 1.8
40HT-B 32.3 ± 2.0 1280 ± 130 19.9 ± 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 µm). 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.
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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-Onset 2 (◦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) ∆Hm (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 CO2-eq storage of 1.71 kg CO2-eq/kg,
1.89 kg CO2-eq/kg, 1.94 kg CO2-eq/kg, and 2.12 kg CO2-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
CO2 capture kg CO2 eq 2.01 1.38 1.24 1.06 1.20 1.02

Global warming with
CO2 capture kg CO2 eq 2.01 −1.76 −1.71 −1.89 −1.94 −2.12

Ozone formation,
Terrestrial ecosystems kg NOx eq 4.52 × 10−3 8.40 × 10−3 7.36 × 10−3 6.56 × 10−3 7.59 × 10−3 6.78 × 10−3

Terrestrial acidification kg SO2 eq 5.27 × 10−3 2.17 × 10−2 1.88 × 10−2 1.69 × 10−2 1.98 × 10−2 1.78 × 10−2

Freshwater
eutrophication kg P eq 2.79 × 10−5 4.80 × 10−4 4.05 × 10−4 3.55 × 10−4 4.30 × 10−4 3.80 × 10−4

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.

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.

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 fMAPE),
was provided in powder form by Clariant (product Licocene PE MA 4351, Clariant Plastics & Coatings
(Nordic) AB, Malmö, 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 µm) 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 (fMAPE 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:

Water absorption (%) =
(Wh−Wo)

Wo
× 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

ReCiPe 2016

Ozone formation, terrestrial ecosystems (OF) kg NOx eq
Terrestrial acidification (TA) kg SO2 eq

Freshwater eutrophication (FWE) kg P eq
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 CO2-capture, achieving a CO2-eq storage of 2.12 kg CO2-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 CO2 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]. Hyvärinen and Kärki 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% w/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 2.73 ± 0.12
Ashes (wt.%) 7.1 ± 0.2 4.3 ± 0.3
Length 1 (µm) - 745 ± 21
Diameter (µm) - 19.6 ± 0.6

Aspect ratio (length/diameter) - 38.0
1 Length weighted in length.
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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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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.
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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.
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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 Vf is the reinforcement volume fraction, σf

c is the flexural strength of the composite, εf
c is the

deformation at the maximum flexural strength value, and σf
m* is the contribution of the matrix to the

tensile strength.

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

Sample Reinforcement
(wt.%) Vf σf

c

(MPa)
εf

c

(%)
σf

m*
(MPa)

BioPE 0 0 21.25 ± 0.95 7.18 ± 0.41 21.25

BioPE/Barley fibers
15 0.111 30.21 ± 1.23 4.03 ± 0.28 18.21
30 0.233 43.21 ± 0.89 3.52 ± 0.31 16.98
45 0.367 52.45 ± 1.45 2.85 ± 0.19 15.14
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The values of σf
m* 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).
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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].
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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 σc
t = fc,t × σF

t ×Vf + σm∗
t ×

(
1−Vf

)
(1)

FlexuralmRoM σc
f = fc,f × σF

f ×Vf + σm∗
f ×

(
1−Vf

)
(2)

where σt
F and σf

F are the intrinsic tensile and flexural strength of the fibers, and fc,t and fc,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 σF

f =
(
σc

f /σc
t

)
× σF

t 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.
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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 (fc,t ×σF

t ×Vf) and flexural (fc,f ×σF
f ×Vf) strength of the composite should be directly

correlated to the intrinsic tensile strength (σF
t ) and intrinsic flexural strength (σF

f ) 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].

FFSF fc, f × σF
f =

(
σc

f−σm∗
f ×(1−Vf)

Vf

)
(3)

FTSF fc, t × σF
t =

(
σc

t−σm∗
t ×(1−Vf)

Vf

)
(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).

σF
f

σF
t

=
FFSF
FTSF

(5)

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.

Sample Reinforcement
(wt.%) Vf σt

c

(MPa)
εt

c

(%)
σt

m*
(MPa)

BioPE 0 0 18.05 ± 0.74 12.18 ± 0.34 18.05

BioPE/Barley fibers
15 0.111 25.21 ± 0.64 7.65 ± 0.24 16.37
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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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).
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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 FTSF. 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 (σf
F) and tensile strength (σt

F) of the fibers, and flexural (fc,f) and tensile (fc,t)
coupling factors.

Sample Reinforcement
(wt.%)

FFSF
FTSF

Tensile Flexural

σt
F

(MPa)
fc,t σf

F

(MPa)
fc,f

BioPE +
barley

15
1.32

532.9 0.18 703.4 0.18
30 521.2 0.18 688.0 0.19
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
Clarà 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, Gières, 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, Loßburg, 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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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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Abstract: Green composites, composed of bio-based matrices and natural fibers, are a sustainable
alternative for composites based on conventional thermoplastics and glass fibers. In this work,
micronized bleached Eucalyptus kraft pulp (BEKP) fibers were used as reinforcement in biopolymeric
matrices, namely poly(lactic acid) (PLA) and poly(hydroxybutyrate) (PHB). The influence of the
load and aspect ratio of the mechanically treated microfibers on the morphology, water uptake,
melt flowability, and mechanical and thermal properties of the green composites were investigated.
Increasing fiber loads raised the tensile and flexural moduli as well as the tensile strength of the
composites, while decreasing their elongation at the break and melt flow rate. The reduced aspect
ratio of the micronized fibers (in the range from 11.0 to 28.9) improved their embedment in the
matrices, particularly for PHB, leading to superior mechanical performance and lower water uptake
when compared with the composites with non-micronized pulp fibers. The overall results show that
micronization is a simple and sustainable alternative for conventional chemical treatments in the
manufacturing of entirely bio-based composites.

Keywords: poly(lactic acid); poly(hydroxybutyrate); cellulose fibers; micronization; green composites

1. Introduction

The increasing demand for eco-friendly materials associated with the implementation
of legislation and policies towards a more sustainable society has triggered the replacement
of synthetic and petrochemical-based materials with bio-based ones [1,2]. In the field of
composite materials, as far as reinforcements are concerned, a notorious increase in the use
of natural-based fibers in replacement of synthetic counterparts, such as glass or aramid,
has been witnessed in the last decade. Several natural fibers such as flax, hemp, jute, kenaf,
wood flour, or pulp have been thoroughly investigated [3,4]. In fact, the market of natural
fiber-based composites, also commonly referred to as biocomposites, is already established
(USD 22.3 billion in 2019) and some large companies, such as Stora Enso, UPM, and Sappi,
have launched over the years a range of products composed of conventional fossil-based
and non-biodegradable thermoplastics, such as polypropylene (PP) and polyethylene (PE),
reinforced with cellulosic fibers [5–8].

PP and PE, together with other polymeric matrices, such as poly(vinyl chloride)
(PVC), polystyrene (PS), and acrylonitrile butadiene styrene (ABS), are still the main
thermoplastics used in the biocomposite industry [9]. However, and despite the clear
environmental benefits over composites reinforced with synthetic fibers, biocomposites
whose matrices are derived from fossil resources still pose some environmental threats.
Specifically, the non-renewability and non-biodegradability of the matrices as well as
the unfeasibility to recycle the composites are still their major drawbacks [10,11]. In this
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regard, the logical alternative is to manufacture fully bio-based composites by replacing the
non-biodegradable petrochemical-derived matrices with bio-based polymers, the so-called
bioplastics [12].

Poly(lactic acid) (PLA) and poly(hydroxybutyrates) (PHB) are among the few bio-
plastics currently produced at a commercial scale. They have comparable properties to
some commodity plastics, can be processed with technologies applied to conventional
thermoplastics, and, because of the increasing demand for bioplastics and maturing of
production technologies, their prices are becoming more affordable [10,13,14]. The ever-
increasing number of studies regarding the use of bioplastics in the composite field reflect
the growing interest on these sustainable polymers [4]. However, these so-called green
composites, for which both the matrix and reinforcement are bio-based, face some of the
same challenges of their petroleum-based counterparts. Although the interfacial adhesion
between for instance PLA and cellulose fibers is naturally stronger than for many other
thermoplastic polymers, the lack of compatibility between the hydrophilic cellulose fibers
and the hydrophobic matrices is still an issue [11,15]. The intrinsic hydrophilicity and high
aspect ratio of the cellulosic materials often lead to agglomeration and poor dispersion of
the fibers in the polymeric matrices [16]. Therefore, the visual aspect of the composites is in-
evitably impaired, as well as their mechanical performance. The strategies commonly used
for composites with petrochemically based matrices have also been investigated for PLA
and PHB-based counterparts to overcome these challenges and further increase the overall
performance of such materials. Pre-treatments of the fibers, such as alkali treatments [17]
or surface modifications including, for example, acetylation [18] or silylation [19], are
among the most common. Other compatibilization strategies, such as the use of coupling
agents [20–22], which can be done prior to or during melt-mixing, have also been tested.
From the industrial point of view, however, the manufacturing process should be as simple,
inexpensive, and efficient as possible. Thus, as an alternative to the aforementioned chemi-
cal methods, mechanical procedures may also be efficient to overcome some drawbacks. In
this sense, size reduction by milling processes, such as pan milling [23], ball milling [24,25],
or shear and cooling milling [26], may be used to decrease the length and width of the
fibers to the micro or nano range. For instance, ball milling has been already used to reduce
the size of bleached pine kraft pulp to particles sizes inferior to 120 µm [24,25]. The results
showed that size reduction was an efficient method to increase the dispersion of cellulose
materials in PLA or PLA/poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) based
composites. In addition, the size reduced particles still had a reinforcing effect as proved
by the increased mechanical properties. However, upon these mechanical treatments, the
fibers lost their fibrillar morphology, becoming irregular particles instead. Additionally,
the aspect ratio and crystallinity index (CI) of the fibers drastically decreased [24,25].

In this context, the present study aims at manufacturing fully green composites using
bio-based matrices, namely PLA and PHB, reinforced with micronized bleached Eucalyptus
kraft pulp (BEKP). Micronization is proposed as a mechanical treatment to reduce both
the length and width of the fibers to the micrometric range, without compromising their
fibrillar morphology and crystallinity but rather improving their dispersion within the
polymeric matrices. This strategy has the additional advantage of being practical and
free of any solvents or chemicals. The influence of the fiber load and effect of their aspect
ratio were studied. The composites were evaluated regarding their interfacial morphology,
mechanical performance, water uptake capacity, melt flowability, and thermal properties.

2. Results and Discussion

In the present work, the impact of the micronized fiber load and the effect of their
aspect ratio on the properties of green composites with two distinct grades of both PLA and
PHB matrices were evaluated. The four bio-based polymeric matrices (i.e., PLA 3D860, PLA
3100HP, PHB P209E, and PHB P226) were selected according to their mechanical properties,
melt flow index, and recommended uses [27,28]. To assess the impact of the micronized
fibers’ load, Cel355 fibers with an intermediate aspect ratio (26.6) were melt-mixed with the
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thermoplastic matrices. To study the effect of the aspect ratio of the fibers, four micronized
fibers with distinct aspect ratios and BEKP (Table 1) were also melt-mixed with all four
thermoplastic matrices for a fixed fiber load of 40 wt.% (Figure 1).

Table 1. Average dimensions and crystallinity indexes of the cellulose fibers used in this study.

Fiber Sample Length (µm) Width (µm) Aspect Ratio Crystallinity Index (%)

Cel60 149 ± 129 13.6 ± 5.4 11.0 54.1
Cel200 257 ± 170 14.9 ± 4.6 17.2 65.4
Cel355 332 ± 211 12.5 ± 5.4 26.6 64.6
Cel500 405 ± 203 14.4 ± 4.5 28.9 68.4
BEKP 770 ± 0.006 18.2 ± 0.1 42.3 70.7
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Figure 1. Schematic illustration of the experimental procedure used in the present study.

The macroscopic aspect of the composites specimens after the injection molding is
shown in Figure 2. The composites with different loads of Cel355 (Figure 2A) are increas-
ingly darker with the increment of the fiber load, particularly for the composites with
PLA. This behavior can be attributed to the high temperatures used during the processing
of these composites, particularly during injection molding (195 ◦C), which led to some
thermal degradation of cellulose. A similar observation was reported by Ozyhar et al. [29]
for composites of PLA reinforced with 40 wt.% of wood fibers, where the increase in the
composites color intensity was also associated to some thermal degradation of the polysac-
charides during processing. Besides the increased color intensity, no visible agglomerates
of the fibers could be perceived for composites with different reinforcement loads or for
those with 40 wt.% micronized fibers with distinct aspect ratios (Figure 2B), which might
indicate that the fibers were homogeneously dispersed in the matrices. The density values
of the polymeric matrices agreed with the specification of the products [27,28] (Table S1).
As for the composites, as expected, an increase on the fiber load raised the density of
the composite, given the superior density of the fibers [30] in comparison with the ther-
moplastic polymers used in the present work. Conversely, the density of the composites
with fibers having different aspect ratios remained relatively unchanged (Table S1). Then,
the morphology, mechanical properties, water-uptake capacity, flowability, and thermal
stability of all the composites were evaluated.
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2.1. Morphology

The mechanical properties of composites are highly dependent on the ability to
efficiently transfer energy from the polymeric matrix to the fibers that in turn depends
on the dispersion of the fibers and on the interfacial adhesion between them and the
matrix [31]. The cross-section fracture surfaces of the neat matrices, obtained after tensile
tests, and of the composites with different loads of Cel355 are displayed in Figure 3, while
those of the composites with micronized fibers with different aspect ratios are shown in
Figure 4. Despite the strong tendency of the hydrophilic cellulose fibers to stack together
when compounded with hydrophobic thermoplastic matrices [31], no visible agglomerates
or bundles of micronized fibers can be observed on the micrographs of the composites with
different contents of Cel355 (Figure 3) or with fibers with different aspects ratios (Figure 4).
This is a confirmation of the good dispersion of the micronized fibers in the PLA and PHB
matrices, which agrees with the visual observation of the test specimens (Figure 2).
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Besides this good dispersion, the fracture surfaces of the composites also revealed
the existence of some fibers pull-outs and voids (Figure 3E, top). This phenomenon has
been extensively described in the literature and is usually attributed to the different phobic
nature of the constituents [32–34]. However, due to the carboxylic and hydroxyl end
groups of PHB and PLA, there is a high degree of compatibility between these matrices
and cellulose fibers when compared with common thermoplastic matrices, such as PP or
PE [15,35]. The fact that fractured fibers are more prevalent on the micrographs than the
pulled-out fibers is also evidence of such a compatibility. Additionally, the micrographs
point to a slightly better compatibility of the fibers with PLAs than with the PHBs, which
may be related to the chemical structural differences between these two polyesters, with
PHBs having a longer monomeric chain.

Concerning the composites loaded with different micronized fibers (Figure 4), as the
fiber aspect ratio increases, alongside with the length, the fiber pullouts and voids created
during the tensile testing are more frequent and the pulled-out fibers are longer, as would
be expected. In regard to the interfaces between the fibers and matrices, although only
minor differences can be observed on the micrographs, shorter micronized fibers may have
improved dispersion and embedment over the longer and higher aspect ratio non-treated
BEKP. Such difference of the effect of the fiber dimensions on the interfacial morphology
was described by Madyan et al. [36], in which larger fibers led to bigger gaps and cracks,
and smaller fibers were better imbedded in the matrix.

2.2. Mechanical Properties
2.2.1. Tensile Properties

The Young’s modulus, tensile strength, and elongation at break of the polymeric
matrices and of the corresponding composites are presented in Figure 5. The results show,
for both PLA- and PHB-based composites, a gradual increment in the Young’s modulus
with the increasing Cel355 fiber load, which is in agreement with previous findings on
the effect of the fiber load, and can be easily explained by the higher stiffness of the
cellulose fibers compared to the polymeric matrices [37]. Specifically, the Young’s modulus
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of composites reinforced with 40 wt.% Cel355 increased by 1.7 GPa (2.37 ± 0.06 GPa)
and 2.6 GPa (3.83 ± 0.02 GPa) in comparison with the respective PHB matrices (PHB
P209E: 0.64 ± 0.02 GPa; PHB P226: 1.25 ± 0.07 GPa), and by 2.8 GPa (5.16 ± 0.05 GPa)
and 3.1 GPa (5.83 ± 0.06 GPa) compared to the corresponding PLA matrices (PLA 3D860:
2.40 ± 0.04 GPa; PLA 3100HP: 2.75 ± 0.04 GPa). As the biggest increases are noted for the
PLA-based composites, those findings corroborate the relatively better compatibility of the
fiber with PLAs than with PHBs, as previously discussed.
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In previous studies of PLA reinforced with a 40 wt.% load of bleached softwood kraft
pulp, a similar increase of 3.0 GPa was registered when compared to the matrix [38], which
shows that the micronized fibers used in this work, despite their reduced sizes, still have a
good reinforcing effect. The effectiveness of such a reinforcing effect is closely related to the
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fibrillar morphology and crystallinity (Table 1) of the micronized fibers since, unlike other
mechanical treatments (e.g., ball milling), the micronization of the fibers still retained their
fibrillar morphology and only a slight decrease in the crystallinity was observed [24,25].
Moreover, the Young’s modulus of the composites of PHBs reinforced with 40 wt.% Cel355
were within the range of the commercial products based on PP or PE reinforced with
40 wt.% pulp fibers (1.9 to 4.6 GPa) and the Young’s modulus of the PLA-based composites
were clearly superior to those of the mentioned commercial products [5–7].

Concerning the effect of the aspect ratio on the Young’s modulus, for the most part,
changes in the micronized fiber aspect ratio (in the range between 11.0 and 28.9) had little
influence on this parameter (Figure 5B). Qiang et al. studied the effect of size variations of
ball-milled bleached pine kraft pulp in composites with PLA or binary mixtures of PLA
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and also concluded that the
loading content contributes more to the variation of the mechanical properties than the
fiber aspect ratio [24,25]. Interestingly, PHB-based composites reinforced with micronized
fibers had a significantly superior Young’s modulus than the composites reinforced with
BEKP. In fact, the average Young’s modulus of the PHB composites with the micronized
fibers is superior to the corresponding composites with BEKP by 26% for PHB P209E and
29% for PHB P226.

With respect to the elongation at break, as expected, a reduction in this parameter was
generally observed with the increasing fibers content [10]. All composites with 40 wt.%
reinforcement had elongation at break values below 3.5% (Figure 5C), which is inferior to
those of the commercial products mentioned before (4.0 to 6.5%) [5–7]. In contrast, with
only a few exceptions, the aspect ratio of the fibers did not have a significant effect on the
elongation at break of the composites, as portrayed in Figure 5D.

The representation of the tensile strength of the composites as a function of the
fiber load (Figure 5E) shows that higher reinforcement contents of micronized fibers
generally raised the tensile strength. For example, in composites with 40 wt.% Cel355,
an improvement on the tensile strength of 39, 30, 42, and 10% was noted in comparison
with the corresponding PHB P209E, PHB P226, PLA 3D860, and PLA 3100HP matrices.
The present results contradict some published works in which often the increase in the
fiber load tended to decrease the tensile strength, either for PLA or PHB matrices [37,39].
Additionally, the tensile strength values of composites of PLA 3D860 (67.5 ± 1.7 MPa) and
PLA 3100HP (72.9 ± 7.7 MPa) reinforced with 40 wt.% Cel355 were superior to those of
commercial products of PP reinforced with pulp fibers (47 to 64 MPa) [5–7]. These results
are certainly related to the relatively good dispersion of the micronized fibers within the
polymeric matrices, as well as to their interfacial adhesion, as previously observed by SEM
analysis. The composites with micronized fibers having different aspect ratios had similar
tensile strengths (Figure 5F), which has also been previously reported for composites of
PLA and mixtures of PLA and PHBV [24,25]. Despite the almost negligible effect of the
aspect ratio, the tensile strength of all the PHB composites reinforced with the micronized
fibers was far superior to those with BEKP, which agrees with the Young’s modulus trend
previously described.

2.2.2. Flexural Properties

The effect of the reinforcement of Cel355 fibers on the flexural modulus of composites
based on PLA and PHB matrices was in line with the results of the Young’s modulus
previously discussed, i.e., the increase in the fiber load led to a higher flexural modulus
(Figure 6A). This is not surprising, though, given that the flexural modulus often follows
the same pattern as the Young’s modulus [39,40]. Moreover, the results obtained for PHBs
reinforced with 30 wt.% Cel355 (2.5 ± 0.1 GPa for PHB P209E and 3.8 ± 0.1 GPa for
PHB P226) are similar or even better to those obtained by Gunning et al., in which PHB
matrices were reinforced with 30 wt.% hemp (≈1.6 GPa), Lyocell (≈1.9 GPa) and Jute
(≈3.8 GPa) fibers [31]. For PLA-based composites, the flexural modulus of the composites
reinforced with 40 wt.% Cel355 (7.3 ± 0.1 GPa for PLA 3D860 and 8.1 ± 0.2 GPa for
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PLA 3100HP) was even superior to the values reported for PLA reinforced with 40 wt.%
of sisal (≈6.2 GPa) [41], wood (≈4.5 GPa) [37], or with pulp fibers from poplar wood
(≈5.7 GPa) [37]. On the contrary to the effect observed for the fiber load, the fiber aspect
ratio had little influence on the flexural modulus of the composites. However, PHB-based
composites reinforced with BEKP had an inferior modulus than the composites reinforced
with micronized fibers (Figure 6B), which is also in agreement with the variation in the
Young’s modulus. Such results are probably related to the larger dimensions of the BEKP
that can lead to larger gaps and cracks, creating weak points for composites to fail [36]. On
the contrary, the shorter micronized fibers may have improved distribution and embedment
on the matrix, improving its reinforcing effect [42].
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The strain at break, calculated as the ratio between the extension at break and the
maximum deflection (20 mm), provides important information about the flexibility of the
composites. As observed in Figure 6C, the polymeric matrices are more flexible than the
corresponding composites and higher fiber content led to lower flexibility, which can be
also credited to the high stiffness of the fibers in comparison with the matrices [10]. For
example, the incorporation of only 10 wt.% of Cel355 in the most flexible matrix (PHB
P209E) led to a reduction of the strain at break from 75.1 ± 4.1% to only 46.3 ± 4.9%.
However, only small differences could be observed for the strain at break in the composites
reinforced with fibers having different aspect ratios. The results of the strain at break are,
in general, in agreement with the elongation at break determined on the tensile tests.

2.2.3. Impact Properties

The impact strength of neat polymeric matrices and composites as a function of
the fiber load and aspect ratio were evaluated following the Charpy edgewise impact
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test (Figure 7). Regarding the polymeric matrices, the impact strength of the unnotched
specimens of the PHBs, which are 38.0 ± 8.7 kJ m−2 for PHB P209E and 18.2 ± 5.2 kJ m−2

for PHB P226, were within the range of impact strengths reported in the literature, which
can vary from 5 kJ m−2 to over 65 kJ m−2 [43,44]. The impact strength of PLA 3100HP
(21.5 ± 1.8 kJ m−2) was also near the values reported elsewhere [44,45]. However, the
energy required to break an unnotched specimen of PLA 3D860 (121.4 ± 32.4 kJ m−2)
was more than three times higher than for any PHB matrix studied and more than five
times higher than for PLA 3100HP, which can be justified by the fact that PLA 3D860 is
designated by the manufacturers as a high impact polymer [28].
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The incorporation of micronized fibers (Cel355) significantly reduced the ability of
the material to absorb the impact (Figure 7A). In fact, the most accentuated decreases
were noted for composites with only 10 wt.%. of fibers. For higher cellulose contents, the
decreases were not significantly different. In the literature, the effect of fiber incorporation
in the impact strength of biocomposites is still unclear and contradictory. Previous studies
have shown both increases and decreases in the impact strength upon incorporation of
cellulosic fibers [46,47]. It’s known that many factors may influence the composite’s
impact properties, such as the crystallinity and stiffness of the individual components.
However, and despite the good homogeneity and dispersion of micronized fibers on the
matrices, as observed in the SEM images (Figure 3), some defects on the interface may
still be responsible for the deterioration of the impact strength [37,48]. Such defects on the
interface, even at lower fiber loads, leads to crack initiation and propagation, which are
responsible for the decreased amount of force the material can absorb during impact [32].
Nonetheless, the obtained values are in line with literature data. For instance, Oliver-Ortega
et al. recorded an impact strength of 21.7 ± 1.2 kJ m−2 in composites of PLA reinforced
with 10 wt.% bleached kraft softwood pulp [45], which is similar to the impact strength
obtained for PLA 3D860 reinforced with 10 wt.% of Cel355 (20.4 ± 5.6 kJ m−2) and PLA
3100HP (22.8 ± 2.3 kJ m−2).

In Figure 7B, the results indicate that for PHB matrices, the changes in the aspect ratio
of the fibers did not translate into different impact strength properties. In contrast, for
composites based on PLA, smaller aspect ratio fibers seemed to favor the impact strength.
The relatively better interfacial adhesion between the PLA matrices and fibers, as seen
by SEM, combined with their smaller aspect ratio, reduced the formation of defects on
the composite, consequently lowering sites for initiation and propagation of cracks [36].
In comparison with other materials, the obtained impact properties of composites with a
fiber load of 40 wt.%, ranging from 9.0 ± 1.8 kJ m−2 to 16.4 ± 2.2 kJ m−2, are inferior to
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those of the commercial products of PP or PE reinforced with 40 wt.% pulp fibers (33 to
42 kJ m−2) [5–7], which still presents a challenge.

2.3. Water Uptake Capacity

The evaluation of the water absorption of the composites reinforced with natural fibers
is of enormous importance because it is normally associated with dimensional stability
issues and a decrease of the mechanical properties [49]. The water absorption of the neat
PLA and PHB matrices used in this study were under 1.3 ± 0.1%, after 31 days of immersion
(Figure 8), which is in accordance with the values reported in the literature for PLA [40]
and PHB [50] matrices. Since cellulose has high affinity for water [51,52], all composites
showed higher water absorptions that increased with the growing fiber contents, which
is not surprising given there is unanimity in the fact that increasing the content of the
hydrophilic portion of the composites leads to an increased water absorption [22,45].
Moreover, all composites followed the same uptake pattern: a rapid increase during the
first few days of immersion and stabilization after reaching saturation [53]. It is also
noticeable that composites with PHBs had higher water-uptakes than composites with
PLAs. This observation can also be related to the apparent inferior compatibility between
the fibers and PHBs, as previously discussed (Figure 3), which leads to enhanced water
penetration thought the composite material [45,51]. These current findings contradict the
observations made by Yatigala et al., in which wood fiber-reinforced PLA composites had
higher-water uptakes (11.9%) than the PHB counterpart (10.2%) [22]. However, and more
importantly, the composites prepared in this work with 30 wt.% of the micronized fiber
(Cel355) had significantly inferior water-uptakes (6.4 ± 0.1% to 6.6 ± 0.1% for PHBs and
4.6 ± 0.1% to 4.9 ± 0.1% for PLAs) than the ones previously reported by the authors for
the same reinforcement percentage [22].
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Interestingly, composites reinforced with micronized fibers have a clear advantage
over the ones reinforced with non-micronized BEKP (Figure 9). Apart from those of
PLA 3100HP, composites with BEKP not only have higher water-uptake values (up to
11.1 ± 0.2%) but also higher water absorption rates during the first days, mainly for com-
posites with PHBs. The positive effect of micronization on the water-uptake behavior is
in line with the results of the tensile and flexural moduli, which strengthens the idea that
the reduced size of micronized fibers favors their embedment in the matrix, preventing
water from permeating easily into the composite [51]. In reference to the aspect ratio of the
micronized fibers (11.0 to 28.9), with the exception of composites based on PLA 3100HP, all
composites with different micronized fibers had similar water-uptake values.
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Figure 9. Water uptake as function of time for composites prepared with different micronized
cellulose samples for a fiber load of 40 wt.% in matrices of: (A) PHB P209E; (B) PHB P226; (C) PLA
3D860 and (D) PLA 3100HP.

2.4. Melt Flow Rate

The melt flow rate measures the ease of a molten thermoplastic material to flow under
very specific conditions, such as the diameter and length of the die and the cylinder [54].
The outcome is expressed in grams of the material that flows over the course of ten minutes
when standard weights are applied at a predetermined temperature [54]. Figure 10A,C rep-
resent the melt flow rate of the PLA and PHB matrices prior to and after melt-mixing, along
with the melt flow rate of the composites with different fiber loadings, while Figure 10B,D
show the melt flow of the composites having fibers with different aspect ratios.
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According to Figure 10A,C, the melt flow rate of the polymeric matrices increased
after being submitted to the melt-mixing procedure, except for PLA 3D860, probably due to
the presence of additives in this PLA sample. The effect is more pronounced for the PHBs,
with increments of 90% for PHB P209E and a 103% increase for PHB P226. Giving that
there is an inversely proportional relationship between the MFR and the molecular weight
of the thermoplastic polymers, the increase in the MFR is most likely due to some thermal
degradation during the melt-mixing procedure, which certainly leads to the decrease in
the molecular weight of the polymeric matrices [55]. This is supported by previous studies
as Carrasco F. et al., who studied the influence of melt processing on the molecular weight
and melt flowability of PLA, concluding that the thermal degradation caused by melt
processing decreased the molecular weight of PLA from 212.3 kDa to 162.5 kDa. As a direct
consequence, the melt flow rate increased from 7.0 g·10 min−1 to 10.7 g·10 min−1 [56].
A similar outcome was verified for PHB matrices where melt processing decreased the
molecular weight from 535 × 103 g·mol−1 to 208 × 103 g·mol−1, leading the MFR to raise
from 19 g·10 min−1 to 26 g·10 min−1 [57].

When the micronized fibers (Cel355) were added to the matrices, the MFR gradually
decreased. Similar observations have been reported for composites of PLA or PHB rein-
forced with different natural fibers (e.g., jute and hemp) [31,58] and the decrease was mainly
attributed to the bad dispersion of the fibers within the matrices and to the fiber/fiber and
fiber/matrix frictions [31,58]. However, since the composites in the present work show a
good dispersion of the micronized fibers, as previously discussed, the decrease in the MFR
probably has to do with the increase in the friction between fibers and between fibers with
the matrices, which its turn decreases the ease of flow [58]. Moreover, the most pronounced
decreases in the MFR were noted for PHB-based composites, which, according to the SEM
micrographs, were slightly less compatible with the fibers than the PLA matrices. The
poorer interfacial adhesion may increase the friction between the fibers and the matrices,
leading in turn to a decreased flowability of the composite material [59].

The fiber aspect ratio had little effect on the MFR, especially for PLA-based composites.
However, for the composites based on PHBs, the micronization had a positive effect on
the MFR. All the composites reinforced with micronized fibers showed MFRs between
4.5 ± 0.3 g·10 min−1 and 13.2 ± 4.5 g·10 min−1, while those reinforced with BEKP did not
flow at all. In composites with PHBs, where the compatibility with fibers is slightly inferior
than with PLAs, as previously observed by SEM (Figures 3 and 4), the BEKP fibers, which
are considerably longer and wider than the micronized fibers, may lead to a higher fiber
entanglement, preventing the composite material from flowing [31,60]. In contrast, the
shorter micronized fibers with improved dispersion and embedment may have prevented
fiber entanglement. Such an observation emphasizes that the micronization of the BEKP
fibers is a useful strategy to improve the flowability of the composites, which is of great
importance for injection molding applications to ensure proper mold-filling and good
quality of the materials [31,61].

2.5. Thermal Analysis

The thermal stability of all the thermoplastic polymers and composites were studied
by thermogravimetric analysis (TGA). The thermogravimetric curves of PLA and PHB
matrices, as well as of the corresponding composites with different fiber loads, are shown
in Figure 11 and those of the composites with fibers having different aspect ratios are
represented in Figure S5. The neat polymeric matrices showed a degradation profile with
one major weight loss at 236 ◦C and 281 ◦C for PHB P209E and PHB P226, respectively,
and 336 ◦C and 364 ◦C for PLA 3D860 and PLA 3100HP, respectively. These main weight
losses, credited to the degradation of the polymeric backbone, are in agreement with the
maximum degradation temperatures of other PHB [62,63] and PLA [34,64] grades reported
in the literature. Apart from PLA 3100HP, the other matrices showed a small degradation
step at 338 ◦C, 395 ◦C, and 456 ◦C for PHB P209E, PHB P226, and PLA 3D860, respectively,
which were likely due to the degradation of the additives.
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PHB-based composites have three different degradation steps: (i) a small weight loss
attributed to water vaporization starting at approximately 100 ◦C, associated with the
humidity of the fibers; (ii) a main weight loss step between 236 and 287 ◦C, related to the
degradation of PHBs’ main chain; and (iii) the step related to the thermal degradation
of cellulose between 335 and 350 ◦C (Figure S4c) [22,65]. Additionally, the weight losses
associated with this last step match the different reinforcement loads of the fibers. These
ternary degradation profiles have also been reported by other authors for PHB-based
composites loaded with other natural fibers (e.g., wood fibers and flax) [22,66]. The
maximum degradation temperatures of PHB P226-based composites were similar to those
of the pristine matrix (around 280 ◦C), but for composites with PHB P209E (Figure 11A),
the incorporation of high contents of cellulose fibers, e.g., 40 wt.% load, increased the
maximum thermal degradation from 236 ◦C to over 280 ◦C. This increase proves that,
although the compatibility of PHB with the micronized fibers is not excellent, as seen in the
SEM micrographs, there is some degree of interfacial adhesion between them [35]. Even if
increases in the thermal stability have been reported in other studies, as is the example of
PHB reinforced with agave fibers [39], the effects of the fiber incorporation on the thermal
stability of PHB-based composites are debatable, with most studies showing decreases on
the stability upon incorporation of natural fibers such as piassava [67], flax [66] almond
shell, or rice husk [68].

For composites with PLA, however, given the relatively good interfacial adhesion
between the micronized fibers and these thermoplastic polymers, as well as the similar
thermal stabilities of PLAs and micronized cellulose fibers, only a main weight loss can be
observed on the thermograms in Figure 11. Regarding the composites with PLA 3D860
as the matrix, the incorporation of fibers led to an increase in the maximum degradation
temperature of the material (Figure 11C). For instance, the addition of 40 wt.% of Cel355
raised the maximum degradation temperature by 11 ◦C from 336 ◦C to 347 ◦C, which can
be justified by the lower maximum degradation temperature of PLA 3D860 (336 ◦C) in
comparison with Cel355 (350 ◦C) (Figure S4c). On the contrary, because the maximum
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degradation temperature of PLA 3100HP (364 ◦C) was superior to that of Cel355, the
gradual increase on the fiber load led to a slight reduction on the maximum degradation
temperature of the composite (Figure 11D). In a similar research study, Espinach et al. [64]
investigated the thermal properties of composites made of PLA reinforced with bleached
kraft softwood and also concluded that the decrease in the thermal stability of the com-
posites was due to the presence of a cellulosic filler with a lower thermal stability than
the PLA. The existence of only one peak also strengthens the relatively good compatibility
between PLA and cellulosic fibers.

Analogous to the composites with different fiber loads, composites based on PHBs
reinforced with 40 wt.% of micronized fibers with different aspect ratios displayed the
same ternary degradation profile and PLA-based composites only exhibited one major
single degradation step. The similar degradation patterns and degradation temperatures
observed in Figure S5 allow us to withdraw the conclusion that the aspect ratio of the
micronized fibers does not influence the thermal stability of the composites. This conclusion
corroborates the results obtained for the tensile, flexural, and impact mechanical properties,
as well as the results from MFR in the sense that different aspect ratios of the micronized
fibers gave origin to composites with identical properties.

3. Materials and Methods
3.1. Materials

Two poly(lactic acid) (PLA) pellet samples: Ingeo™ Biopolymer 3D860, with a melt
flow rate (MFR) of 5–7 g·10 min−1 (210 ◦C, 2.16 kg), density of 1.22 g·cm−3, and relative
viscosity of 4.0, and Ingeo™ Biopolymer 3100HP with an MFR of 24 g·10 min−1 (210 ◦C,
2.16 kg), density of 1.24, relative viscosity of 3.1, and molecular weight of 148 kDa [69],
were supplied by NatureWorks (Minnnetonka, Minnesota, USA). Two commercial pellet
grades of poly(hydroxybutyrate) (PHB): Biomer® P209E, with an MFR of 10 g·10 min−1

(180 ◦C, 2.16 kg), density of 1.20 g·cm−3, and molecular weight of 0.6 × 106 [70], and
Biomer® P226 with an MFR of 10 g·10 min−1 (180 ◦C, 5 kg), density of 1.25 g·cm−3, and
number-average molecular weight of 22,200 ± 4500 [71], were purchased from Biomer
Biopolyesters (Schwalbach, Germany). PHBs samples had 0–40 wt.% of a plasticizer and an
unreported amount of a nucleating agent [27]. The chemical and crystalline structures of the
thermoplastic matrices were confirmed through Fourier-transform infrared spectroscopy
(FTIR) and X-ray diffraction, as shown in Figures S1 and S2, respectively.

Bleached Eucalyptus kraft pulp (BEKP) with a crystallinity index (CI) of 70.1% was
kindly provided by The Navigator Company (Aveiro, Portugal). The micronized fibers
were obtained from the same BEKP on a drum milling equipment (Pallman Fine grinding
PS, Zweibrücken, Germany) armed with knives. The BEKP was fed into the cutting
chamber and cut repeatedly between the rotor knifes and stator knifes against each other
until the material could pass through the screen insert. Different sieve meshes were used
to produce fibers with different aspect ratios, namely Cel60 (11.0), Cel200 (17.2), Cel355
(26.6), and Cel500 (28.9). The micrographs showing their fibrillar morphology as well as the
length and width distributions are presented in Figure S3, and the average length, width,
aspect ratio, and crystallinity indexes are shown in Table 1. The CI of BEPK and of all the
microfibers (Figure S4b) were determined by X-ray diffraction based on the peak height
method. A Phillips X’pert MDP diffractometer (PANalytical, The Netherlands) using CuKα
radiation (λ = 1.541 Å) with a scan rate of 0.05◦ s−1 was used for this analysis [72].

3.2. Compounding and Processing of the Biocomposites

Composites with different percentage loads of Cel355 (micronized fibers with an
intermediate aspect ratio) ranging from 10 to 40 wt.%, relative to the total weight of the
composite, were compounded with the four distinct thermoplastic polymers: PHB P209E,
PHB P226, PLA3D860, and PLA3100HP. Additionally, to evaluate the influence of the
fibers aspect ratio, the four thermoplastic matrices were also compounded with the four
micronized pulp fibers and the non-treated BEKP for a fixed reinforcement load of 40 wt.%.
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All composites were manufactured by melt-mixing in a Brabender W 30 EHT Plastograph
EC mixer (Duisburg, Germany) with a total volume capacity of 30 cm3. The thermoplastic
polymeric matrices and cellulose fibers were mixed for 15 min at a screw speed of 50 rpm
at a temperature of 180 ◦C for PLA 3100HP and 170 ◦C for the remaining polymers.

Test specimens for the mechanical and water-uptake assays were prepared by injection
molding in a Thermo Scientific Haake Minijet II (Waltham, MA, USA). For the PHB-based
composites, the injection temperature was set at 175 ◦C, the mold temperature at 60–65 ◦C,
injection pressure of 400 bar for 20 s, and post-injection pressure of 200 bar for 5 s. For the
PLA-based composites, the injection temperature was 195 ◦C, with a mold temperature of
100–130 ◦C and injection pressure of 800 bar.

3.3. Characterization

The density of the polymeric matrices and composites were calculated by dividing the
weight of the test specimens by their volume. At least five specimens (80 × 10 × 4 mm3)
with a volume of 3.2 cm3 were weighted for each sample and both the mean and standard
deviation calculated.

Scanning electron microscopy (SEM) analysis were performed on a FE-SEM Hitachi
SU70-47 microscope (Hitachi High-Technologies Corporation, Tokyo, Japan), operated at
15.0 kV. The cross-section micrographs were obtained from the tensile test specimens after
breaking. Prior to the analysis, all samples were coated with a carbon film.

Tensile and flexural assays were carried out on the universal testing machine Instron
5564 (Instron Corporation, Norwood, MA, USA). The tensile properties of at least six
specimens were tested in accordance with the ISO-527-2 procedure (bar type3) at a velocity
of 5 mm·min−1 using a 10 kN static load cell. For the flexural modulus, the three-point
loading model was used according to ISO 178. Five specimens (80 × 10 × 4 mm3) were
tested at a crosshead velocity of 5 mm·min−1 and at a length of span between supports of
64 mm using a 500 N static load cell. To measure the unnotched Charpy (edgewise) impact
strength, a Ray Ran Universal Pendulum impact system (Ray-Ran Test Equipment Ltd.,
Nuneaton, UK), operating a pendulum of 4 J, was used according to ISO 179/1eU. The
support span was set at 62 mm. Ten specimens with dimensions of 80 × 10 × 4 mm3 were
tested for each sample and the average values were calculated.

The water-uptake capacity was assessed by immersing composite specimens
(60 × 10 × 1 mm3) in water at room temperature during a period of 31 days. The weight
of the samples was periodically assessed after removing the excess water with tissue paper.
The water uptake (%) at time t was calculated according to Equation (1):

Water uptake (%) =
(Wt − W0)

W0
× 100 (1)

where W0 is the specimen’s initial weight and Wt is the weight of the specimens after
the immersion time in grams. The mean and standard deviation were calculated for
three replicates.

The melt flow rate of the different samples was evaluated using the Melt Flow Indexer
Davenport (MFR-9) (Ametek, Denmark) operated at 190 ◦C for the PLA-based composites
and at 175 ◦C for the PHB-based composites. The cut-off intervals were chosen according
to the ASTM D1238 standard. At least five cut-offs for each sample were weighted and the
melt flow rate was calculated as follows:

MFR
(

g·10 min−1
)
=

600 × m
t

(2)

where m is the average mass of the cut-offs in grams and t is the cut-off time interval
in seconds.

The thermal stability of the composites was evaluated with a SETSYS Setaram TGA an-
alyzer (SETARAM Instrumentation, Lyon, France) equipped with a platinum cell.
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Approximately 10 mg of each sample was heated from room temperature to 800 ◦C at a
constant rate of 10 ◦C·m−1 under a nitrogen atmosphere.

Statistical analysis of all the mechanical properties data was performed using the
analysis of variance (ANOVA) and Tukey’s mean comparison test (OriginPro 9.6.5, Origin-
Lab Corporation, Northampton, MA, USA) with the statistical significance established at
p < 0.05.

4. Conclusions

Micronized cellulose fibers obtained from bleached Eucalyptus kraft pulp were in-
vestigated as reinforcements in composites with bio-based matrices (PLA and PHB). The
influence of the fiber load and fiber aspect ratio on the performance of the composites was
thoroughly studied.

The composites with micronized fibers displayed overall good homogeneity with
no visible fiber agglomerates. Reinforcing the composites with increasing contents of
micronized fibers significantly improved the Young’s modulus, tensile strength, and flex-
ural modulus, while decreasing the elongation at break, strain at break, and the impact
strength. The increase in the water uptake and the decrease of the melt flow rate were also
consequences of the increasing reinforcement content. For the most part, the maximum
degradation temperatures of the composites were slightly raised with the incorporation of
the fibers, especially in composites based on PHB P209E and PLA 3D860.

For composites with PHBs, the water-uptake resistance, melt flowability, and mechan-
ical performance, namely the tensile strength and both the Young’s and flexural moduli,
were significantly improved when using micronized fibers rather than non-treated BEKP.
However, the aspect ratio of the micronized fibers had little influence on the tensile, flexural,
and impact properties, as well as on the thermal stability of the composites. In short, the
overall results lead us to conclude that the micronization of the BEKP was an efficient and
convenient method to further improve the performance of the composites, without the use
of any hazardous solvents or chemicals. The mechanical and flow properties show the po-
tential of the present fully sustainable composites as an alternative to the existing partially
bio-based ones for injection molding applications intended for electronics, furniture, house
appliances, and other applications.

Supplementary Materials: The following are available online: FTIR-ATR spectra and X-ray diffrac-
tograms of the thermoplastic matrices; SEM micrographs and size (width and length) histograms
of the micronized fibers; FTIR-ATR spectra, X-ray diffractograms, and TGA thermograms of the
micronized fibers; density of the matrices and composites, and TGA thermograms of the composites
reinforced with 40 wt.% fibers having different aspect ratios.
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Abstract: Micro-Fibrillated Cellulose (MFC) is a new type of bio-based additive, coming from wood
cellulose. It can compete and substitute oil derived chemicals in several application fields. In the
present work, the use of micro-fibrillated cellulose, in waterborne adhesive systems applied in the
manufacture of composite wood-based panels was evaluated. Research was conducted to 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. The approaches followed to introduce
MFC into the adhesive systems were three, i.e., MFC 2% suspension added during the adhesive resin
synthesis, MFC 10% paste admixed with the already prepared adhesive resin and MFC 2% suspension
admixed with the already prepared resin. It was found that MFC improves not only the performance
of the final wood panel products but also the behaviour of the applied adhesive polymer colloids
(e.g., rheology improvement), especially when admixed with the already prepared resins. Moreover,
it was proven that when MFC is introduced into the adhesive resin system, there is a possibility of
decreasing the resin consumption, by maintaining the board performance. MFC’s robustness to pH,
shear and temperature makes it a highly interesting new additive for adhesive producers. In addition,
its natural origin can give adhesive producers the opportunity to move over to more environmentally
friendly product solutions.

Keywords: micro-fibrillated cellulose; formaldehyde adhesives; wood-based panels

1. Introduction

Cellulose is the most abundant, inexpensive and readily available biopolymer found in nature.
It is contained at very high levels in cotton (~94%) and wood (~50%), which in turn are the major
sources for cellulose products (paper, textiles, cosmetics, hygiene products, etc.) [1]. Traditionally,
cellulose comes from vegetal resources and their waste.

Composite or engineered wood products such as particleboard (PB), plywood, waferboard or
oriented strand board (OSB), medium density fibreboard (MDF) and the like are widely used in
furniture manufacturing to replace the more expensive and scarcer natural wood (solid wood). For the
manufacturing of the aforementioned wood products, it is necessary to mix or coat wood, coming from
various forest species, in the form of particles, fibres, veneers or flakes, with special gluing systems,
comprising adhesives (thermosetting polymer resins) and several chemical additives. Heat and
pressure are then applied to form the final polymer network and bind the wood elements together
and form the final wood panel product. The application of the adhesive system on the specially
prepared wood parts is carried out by spraying the gluing system in the form of a mist through suitable
spraying nozzles (PB, OSB, MDF), or spreading the adhesive system on the veneers (plywood) using,
for example, a roller-coater to adequately distribute it on the wood surface. In the framework of
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EXILVA EU -funded -project, the objective of participant R&D company CHIMAR was to develop
a new technology for the synthesis or the reinforcement of polymeric wood adhesives, by using
EXILVA Micro-Fibrillated Cellulose (MFC), a product developed by Borregaard, based on an innovative
technology for its production at commercial scale.

Micro-Fibrillated Cellulose (MFC) is characterized by its extended surface area with an expanded
number of functional hydroxyl (-OH) groups. These characteristics are common for all MFC products.
Moreover, MFC possesses several interesting properties, such as very high aspect ratios of the fibrillated
fibres [2]. A number of reviews have shown mechanical improvement offered by MFC [3]. Therefore,
it has a great potential to reinforce synthetic, petroleum-based resins that are already used in the
market. In addition, positive effects of nanocellulose addition to amino-plastic adhesives in the
bonding of particleboard and oriented strand panels have been found [4]. Particleboard panels have
been manufactured using CNF (Cellulose Nano-Fibres, similar material to MFC) as a sole binder and
met the industry requirements in terms of mechanical properties [5]. Another study revealed that
MFC can be utilized as a rheology modifier, giving a more viscous urea-formaldehyde (UF) resin
compared to the unmodified resin, in the manufacture of particleboard panels [6]. In the same study,
a higher fraction of adhesive was proven to be available for bond-line formation and a larger part of the
wooden particles was covered with adhesive, when MFC was used as a reinforcing agent of UF resin.
Changed adhesive distribution together with improved adhesive toughness are proposed to contribute
to improved board strength [6]. Nanocellulose reinforced UF resins have displayed improvement
of storage modulus values and the wood composites manufactured with these reinforced UF resins
showed enhanced performance [7]. A study on the effect of the length and content of cellulose fibers in
phenol-formaldehyde (PF) resin showed an improvement in the mechanical properties of the wood
composites manufactured with this resin, compared to the reference composites, manufactured with
the unmodified PF resin [8].

In the framework of the present study, MFC was used in combination with currently used
petrochemical adhesives, i.e., amino resins like urea-formaldehyde (UF) and melamine-urea-
formaldehyde (MUF), and phenolic resins like phenol-formaldehyde (PF). The MFC was introduced
either during the polycondensation stage of the resin synthesis or as an additive admixed together
with the already prepared resin and other chemicals in a glue mixture, which eventually was sprayed
onto wood particles or spread onto wood veneers, depending on the panel type. Three types of panels
were manufactured at CHIMAR pilot plant: particleboard (PB), waferboard and plywood panels.

2. Materials and Methods

2.1. Introduction of MFC

Three different approaches to introduce MFC into adhesive systems were followed (Figure 1):
Approach 1: Introduction of MFC 2% suspension in the resin as a raw material, during its synthesis.
Approach 2: Admixing MFC 10% paste with the resin after its synthesis (addition level: 0.25–1.0%

w/w, dry/dry resin).
Approach 3: Admixing MFC 2% suspension with the resin after its synthesis (addition level:

0.01–0.03% w/w, dry/dry resin).
Each approach was specially chosen for each adhesive type and the respective application

(UF/MUF for particleboard panels, MUF for waferboard panels, PF for plywood panels), according to
the best manufacturing practices of the wood-based panel sector.

The scope of following this path was to investigate whether MFC reacts chemically or physically
with the resin as well as to evaluate its contribution to the improvement of the performance of the
produced boards. It was assumed that when added during the resin synthesis (Approach 1) and under
specific conditions (temperature, pH, etc.), MFC would participate in the polymer network. On the
other side, when added into the resin system, after the synthesis of the resin (Approach 2, Approach 3),
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it would modify the physical properties of the resin, i.e., its rheology. All these different effects were
investigated at CHIMAR R&D premises.
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2.2. Materials

Formaldehyde 37% was supplied by PanReac (Barcelona, Spain). Phenol 90% was supplied
by Merck (Darmstadt, Germany). The following industrial-grade reagents were supplied by Elton
Group S.A. (Thessaloniki, Greece): urea, melamine, formic acid (80%), sodium hydroxide (50%).
Ammonium sulphate was purchased by New Trade Fertilizers (Athens, Greece). EXILVA MFC, P-series,
at concentrations of 2% (L-grade) and 10% (V-grade) were supplied by Borregaard (Sarpsborg, Norway).
Wheat flour was also used as a filler in the production of plywood panels.

UF and MUF resins were applied in the production of particleboard panels, MUF resin was
applied in the production of waferboard panels and PF resin was used for the production of plywood
panels. All resins were synthesised at the laboratory of CHIMAR.

Ammonium sulphate, in the form of 40% aqueous solution, was used as hardener for the UF and
MUF resins during the manufacture of particleboard and waferboard panels. For the production of
plywood panels with 3 plies, the phenolic resin was mixed with wheat flour and water, in order to
obtain the appropriate viscosity to be spread uniformly onto the wood veneers.

2.3. Synthesis of UF, MUF and PF Resins

The synthesis of UF resins was carried out according to a two-step process, comprising the
methylolation and condensation stages. MFC 2% suspension was added at the beginning of the
synthesis process, together with the rest of the raw materials (Approach 1). The methylolation step
was realized by the addition of formaldehyde to urea to give the so-called methylolureas, followed by
the addition of sodium hydroxide to adjust the pH to an alkaline value. The condensation reaction,
which followed, was done at elevated temperature, in the acid condensation stage, using formic acid
to reduce the pH. When the required viscosity was reached, the pH was adjusted again back to the
alkaline region. At the end, a final portion of urea was added in order to reach a final F:U molar ratio
in the range of 1.0–1.1. A reference UF resin was synthesised in parallel to the MFC-modified UF resin.
The solid content of the resins was in the range of 64–66%. The MFC 2% suspension was added at a
level of 0.22% w/w dry MFC on liquid resin. All other settings of the resin formulation were kept the
same as those of the reference resin.

MUF resins were synthesised in a similar process to the UF resin process, including melamine as
well as urea during the methylolation step. A reference MUF resin was synthesised in parallel to the
MFC-modified MUF resin. The final F:(U + M) molar ratio was in the range of 1.0–1.1. The melamine
content was within the range of 15–30%, depending on the application (particleboard or waferboard).
The solid content of the resins was in the range of 64–66%. For Approach 1, MFC 2% suspension was
added in the resin during its synthesis, at a level of 0.32% w/w dry MFC on liquid resin. All other
settings of the resin formulations were kept the same as in the reference resin.
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The synthesis of PF resins was realized according to the resole synthesis process comprising the
hydroxymethylation and condensation stages. Formaldehyde was added to phenol, using sodium
hydroxide as basic catalyst, for the hydroxymethylation to occur. The condensation reaction took place
afterwards, at increased temperature. When the desired viscosity was reached, the resin was cooled
down to room temperature and stored at 5 ◦C, as suggested for this type of resin. A reference PF resin
was synthesised in parallel to the MFC-modified PF resin. The final F:P molar ratio was in the range
of 2.0–2.2 and the resin solid content in the range of 40–45%. For Approach 1, MFC 2% suspension
was added in the resin during its synthesis, at a level of 0.22% w/w dry MFC on liquid resin. All other
settings of the resin formulation were kept the same as in the reference resin.

All resins were delivered in liquid form.

2.4. Resin Characterization

The properties of the produced resins were determined based on standard lab analysis methods.
All the produced UF and MUF (amino) resins were characterized for their solid content, pH value,
viscosity, gelation time, specific gravity and water tolerance. The solid content was determined by
drying 2 g of resin in an oven at 120 ◦C for 2 h. The pH value of the resins was measured using a digital
GLP21 pH-meter from CRISON (Barcelona, Spain) with a single Hamilton glass electrode attached.
The viscosity was measured at 25 ◦C using a Brookfield rotational viscometer, with a small sample
adapter (SC4-45Y), which requires a sample chamber SC4-13R and a spindle SC4-18. The gelation
time of the resins was determined by measuring the time needed for gelation in boiling water after
addition of 3.5% ammonium sulphate hardener (w/w dry/dry resin). For the determination of the water
tolerance of the resins at 25 ◦C, a 10 mL sample of resin was added in a volumetric cylinder and the
quantity of water needed until the sample started to coagulate was measured. The specific gravity was
determined using suitable glass hydrometers.

Additionally, Differential Scanning Calorimetry (DSC) analysis was performed for specific
experiments with UF resins, which were used for particleboard production, to evaluate the curing
behavior of the UF resins with and without the addition of MFC. The testing was done in a Shimadzu
DSC-50 device, using Aluminum High Pressure Cells (222-01701-91). In all measurements, the resin
was catalysed with 3,5% w/w ammonium sulphate (in the form of 40% w/w aqueous solution) and all
formulations were adjusted to the same solid content, by addition of water where needed. Test samples
of 14–16 mg for each variable were placed in the aluminum cells, sealed and measured immediately.
All samples were heated up to 200 ◦C at a heating rate of 10 ◦C/min under nitrogen atmosphere.
For each test sample, the peak temperature, the onset temperature and the heat release were recorded.

For the PF resins’ characterization, the solid content, pH value, viscosity, gelation time and
alkalinity were determined. The pH value, the viscosity, the gelation time and the solid content
measurements were in accordance with the practice followed for the UF and MUF resins. The alkalinity
measurement is a titration with HCl acid, to calculate the remaining NaOH in the resin.

2.5. Panel Manufacturing Process

Three types of panels were manufactured at CHIMAR pilot plant: particleboard (PB), waferboard
and plywood panels. The panel production process followed the industrial manufacturing practice.
The mechanical and wet properties of the boards produced were determined in accordance with
the European standards (EN) in force, i.e., density (EN 323), tensile strength/Internal Bond (IB)
(EN 310), bending strength/Modulus Of Rupture (MOR)/Modulus Of Elasticity (MOE) (EN 319),
Thickness Swelling (TS) (EN 317), as well as the formaldehyde emission potential, were measured
by determination of the Formaldehyde content according to the Perforator Method (International
Standard ISO 12460-5). The properties of the panels should satisfy the specifications as stated in
product standards EN 312 (PB), EN-300 (Waferboard/OSB) and EN-314.02 (plywood).
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2.5.1. Particleboard

Particleboard panels were manufactured at CHIMAR wood-based panels pilot production
plant, according to industrial practice. The gluing mixture, consisting of resin, hardener and water,
was sprayed on the wood particles, consisting mainly of a mixture of pine with 20%–30% poplar wood,
and having a moisture content of ca. 3%. The particles were blended with the gluing mixture in a
Lödige FM130D blender equipped with a suitable spraying system attached on the top side, for about 3
min. The resinated wood particles were then formed in a mattress (mat) with dimensions of 44 × 44 cm.
The mat was manually pre-pressed, and it was then led to the hydraulic press and pressed at high
temperature for a sufficient time to achieve the cross-linking and total curing of the resin. The pressing
temperature and time were defined by previous experience with similar experiments and were the
same for all particleboard panels produced. The target density of the boards was 650 kg/m3 and
the target thickness was 15 mm. After they were given time to cool down, the produced boards
were sanded and proper specimens were taken from them, for testing the board mechanical and wet
properties, as well as their formaldehyde content, according to the perforator method (ISO 12460-5).
Each resin system formulation was applied in duplicates of panels.

2.5.2. Waferboard/Randomly-Oriented Strand Board

The production of waferboard panels was carried out following a very similar procedure to that
of the particleboard, but using different blending and spaying devices. A cement mixer was used as a
blending device, in order to avoid breaking down the wood strands. The glue mixture was sprayed
through a high-pressure handheld spraying gun. The mat forming and the pressing process were the
same as in the case of particleboards production. The pressing temperature and time were defined
by previous experience with similar experiments and were the same for all the panels produced.
The target density of the boards was 600 kg/m3 and the target thickness was 15 mm. Each formulation
consisted of one panel.

2.5.3. Plywood

For the plywood manufacture, a glue mixture consisting of resin, wheat flour and water was
prepared and spread on the wood veneers (50 × 50 cm × 1.5 mm), with the assistance of a spatula and
a roller. The wood species that was used for the present study was beech. The glued veneers were
stacked and pre-pressed. Afterwards, they were pressed in the hydraulic press at high temperature
for a sufficient time to totally cure the resin. The pressing temperature and time were defined by
previous experience with similar experiments and were common for all plywood panels. After having
been cooled down, the produced panels were cut in specimens and their mechanical properties were
determined. Each resin system formulation was applied in duplicates of panels.

3. Results

During the experimental part, a lot of different cases were investigated, concerning the MFC
concentration, the MFC addition levels (dry/liquid resin), the resin loading levels, the resin and panel
type, etc., and they are all presented in the following sections, divided according to the panel type.

3.1. Particleboard Production

As mentioned earlier, the resins that were utilized for the particleboard manufacture were of UF
and MUF type. Table 1 below presents the analysis results from the characterization of a conventional
and an MFC-reinforced resin of both types (the latter synthesized according to Approach 1).
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Table 1. Urea-Formaldehyde (UF) and Melamine-Urea-Formaldehyde (MUF) resins analysis results,
Particleboard.

Resin Type UF Reference MFC-Reinforced UF MUF Reference MFC-Reinforced MUF

% MFC, dry/liquid resin 0.00 0.22 0.00 0.32
Solids (%) 65.8 67.0 63.6 63.6

pH 8.5 7.9 9.2 9.6
Viscosity (cP) 315 370 195 450
Gel time (s) 60 56 73 95

Water tolerance (mL:mL) 1/1.4 1/0.6 1/0.5 1/0.6
Specific gravity 1.279 1.295 1.265 1.233

The analysis results indicate that there is no significant difference between the properties of the
reference UF resin and the ones of the MFC-reinforced UF resin. When comparing the reference MUF
resin with the MFC-reinforced one, there is a notably shorter gel time (higher reactivity) of the reference
resin, which could contribute to its better performance in particleboard mechanical properties against
the MFC reinforced MUF resin, as presented in the next set of experiments.

3.1.1. MFC 2% Suspension Either Added as Raw Material of UF or MUF Resin during Synthesis or
Admixed with the Ready UF or MUF Resin (Approach 1 vs. Approach 3)

The results obtained from the analysis of the properties of the panels produced during
experiment 3.1.1 are presented in Table 2.

Table 2. Particleboard panels analysis, MFC 2% suspension, Approach 1 vs. Approach 3, Average
property values, Standard deviation 1 (in brackets).

Formulation UF
Reference

MFC-Reinforced
UF (Approach 1)

UF + 0.22%
MFC

(Approach 3)

MUF
Reference

MFC-Reinforced
MUF (Approach 1)

MUF + 0.32%
MFC

(Approach 3)

% Binder, dry/dry
wood 9.0 9.0 9.0 9.0 9.0 9.0

% MFC, dry/liquid
resin 0.00 0.22 0.22 0.00 0.32 0.32

Internal bond
(MPa) 0.58 (0.04) 0.52 (0.06) 0.63 (0.03) 0.90 (0.09) 0.82 (0.10) 0.95 (0.06)

24 h Thickness
Swelling (%) 54.9 (4.4) 54.1 (4.1) 62.6 (4.0) 27.2 (1.4) 26.9 (0.7) 29.3 (1.7)

24 h Water
Absorption (%) 100 (1.6) 96 (1.0) 99 (1.0) 72 (2.3) 76 (1.8) 75 (2.2)

Modulus of
Rupture (MPa) 13.7 13.5 13.9 17.3 15.8 16.2

Modulus of
Elasticity (MPa) 2641 2568 2418 2677 2627 2335

Formaldehyde
content (mg/100 g

ODB 2)
6.7 5.6 6.7 5.4 6.7 7.4

1 Standard deviation was added on properties where adequate population data existed. 2 Oven dried board.

It is clear that for both types of resin, UF and MUF, when Approach 1 is followed and MFC 2%
is introduced in the resin during its synthesis, the mechanical properties and especially the tensile
strength (Internal Bond) are impaired. When Approach 3 is followed and MFC 2% is admixed with the
ready resin, the internal bond is improved in both UF and MUF cases. The water resistance of the
boards is not significantly influenced in either case. The bending properties (modulus of rupture and
modulus of elasticity) follow a trend similar to the tensile strength, which is, however, not considered
to be significant. The formaldehyde content of the board seems to be reduced by Approach 1 in the UF
resin, while in the MUF case, the formaldehyde content is increased by the addition of MFC. On the
other side, when Approach 3 is followed in the UF resin case, the formaldehyde content is not affected,
while in the MUF case, it is further increased by the addition of MFC.
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3.1.2. MFC 10% Paste at Increasing Addition Levels, Keeping the Resin Loading Level Stable.
MFC Admixed with UF Resin (Approach 2)

The results obtained from the analysis of the properties of the panels produced during experiment
3.1.2 are presented in Table 3.

Table 3. Particleboard panels analysis, MFC 10% increasing levels, resin stable, Approach 2, Average
property values, Standard deviation in brackets).

Formulation UF Reference UF + 0.25%
MFC

UF + 0.5%
MFC

UF + 0.75%
MFC

UF + 1.0%
MFC

% Binder, dry/dry wood 7.0 7.0 7.0 7.0 7.0

% MFC, dry/liquid resin 0.00 0.25 0.50 0.75 1.00

Internal bond (MPa) 0.30 (0.04) 0.33 (0.06) 0.36 (0.03) 0.39 (0.05) 0.45 (0.04)

24 h Thickness Swelling (%) 45.3 (2.5) 45.5 (3.1) 42.9 (2.1) 42.8 (2.6) 43.6 (2.1)

24 h Water Absorption (%) 97 (1.9) 96 (1.8) 95 (1.6) 99 (2.1) 99 (2.2)

Modulus of Rupture (MPa) 13.4 13.4 13.5 13.6 13.9

Modulus of Elasticity (MPa) 2389 2402 2412 2445 2455

Formaldehyde content
(mg/100 g ODB) 8.7 9.2 9.1 9.0 8.5

When MFC 10% is admixed with the UF resin at elevated levels of addition, it proportionally
improves the mechanical properties, with more significant differences appearing on the tensile strength
results. Water resistance of the boards does not seem to be importantly affected. The fluctuation of the
results obtained for the Formaldehyde content is within the accuracy range, so no conclusions can
be drawn.

3.1.3. MFC 10% Paste at Increasing Addition Levels, Decreasing the Resin Loading Level.
MFC Admixed with UF Resin (Approach 2)

The results obtained from the analysis of the properties of the panels produced during experiment
3.1.3 are presented in Table 4.

Table 4. Particleboard panels analysis, MFC 10% increasing levels, resin decreasing, Approach 2,
Average property values, Standard deviation (in brackets).

Formulation 7.0% UF
Reference

6.4% UF +
0.25% MFC

5.8% UF +
0.5% MFC

5.4% UF +
0.75% MFC

5.0% UF +
1.0% MFC

4.7% UF +
1.0% MFC

% Binder, dry/dry wood 7.0 6.4 5.8 5.4 5.0 4.7

% MFC, dry/liquid resin 0.00 0.25 0.50 0.75 1.00 1.00

Internal bond (MPa) 0.36 (0.02) 0.36 (0.02) 0.31 (0.03) 0.29 (0.02) 0.26 (0.02) 0.24 (0.02)

24 h Thickness
Swelling (%) 54.1 (1.3) 51.3 (3.8) 59.1 (2.5) 64.8 (2.6) 65.9 (3.2) 72.3 (2.3)

24 h Water
Absorption (%) 126 (2.4) 120 (2.3) 127 (4.3) 138 (1.5) 139 (2.8) 146 (2.9)

Modulus of
Rupture (MPa) 9.6 11.7 10.5 8.9 8.3 7.3

Modulus of
Elasticity (MPa) 1842 1994 1879 1695 1713 1443

Formaldehyde content
(mg/100 g ODB) 8.0 7.4 7.3 8.2 8.3 8.3

This experiment proves that when MFC is admixed with the resin up to a specific level (0.25%
dry/liquid resin), it allows the reduction in the resin loading level, since all board properties are equal
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to or even better than in the reference formulation (comparison between the two first formulations).
This tendency disappears by further reduction in resin loading, even with an increase in the addition
levels of MFC. Beyond that point, it seems that the influence of the reduction in the petrochemical
resin is more significant than the introduction of MFC at increasing levels, and this becomes evident
from the results of all properties.

3.1.4. MFC 2% Suspension at Increasing Addition Levels, Keeping the Resin Level Stable. MFC
Admixed with UF Resin (Approach 3), Average Property Values, Standard Deviation (in Brackets)

The results obtained from the analysis of the properties of the panels produced during experiment
3.1.4 are presented in Table 5.

Table 5. Particleboard panels analysis, MFC 2% increasing levels, resin stable, Approach 3.

Formulation UF Reference UF + 0.01% MFC UF + 0.02% MFC UF + 0.03% MFC

% Binder, dry/dry wood 9.0 9.0 9.0 9.0
% MFC, dry/liquid resin 0.00 0.01 0.02 0.03

Internal bond (MPa) 0.42 (0.02) 0.59 (0.02) 0.66 (0.03) 0.67 (0.06)
24 h Thickness Swelling (%) 44.2 (2.6) 41.4 (1.5) 39.4 (0.9) 40.0 (2.3)
24 h Water Absorption (%) 92 (3.8) 87 (4.2) 86 (4.1) 83 (5.4)
Modulus of Rupture (MPa) 10.1 11.2 11.7 11.6
Modulus of Elasticity (MPa) 2146 2198 2273 2275

Formaldehyde content
(mg/100 g ODB) 7.5 7.0 6.2 6.2

Admixing MFC 2% suspension with the ready resin at low levels 0.01–0.03% dry/liquid resin
(Approach 3) shows a significant advantage of increased levels of MFC to the mechanical properties
and water resistance of the produced boards. Formaldehyde content was gradually decreased when
increasing the MFC levels, which is a positive effect too.

3.1.5. MFC 2% Suspension at Increasing Addition Levels, Decreasing the Resin Loading Level.
MFC Admixed with UF Resin (Approach 3), Average Property Values, Standard Deviation
(in Brackets)

The results obtained from the analysis of the properties of the panels produced during experiment
3.1.5 are presented in Table 6.

Table 6. Particleboard panels analysis, MFC 2% increasing levels, resin decreasing, Approach 3.

Formulation 9.0% UF
Reference

8.5% UF + 0.01%
MFC

8.0% UF + 0.02%
MFC

7.5% UF + 0.03%
MFC

% Binder, dry/dry wood 9.0 8.5 8.0 7.5

% MFC, dry/liquid resin 0.00 0.01 0.02 0.03

Internal bond (MPa) 0.38 (0.03) 0.43 (0.03) 0.43 (0.05) 0.45 (0.04)

24 h Thickness Swelling (%) 58.0 (2.6) 59.0 (2.7) 58.6 (1.7) 61.6 (3.6)

24 h Water Absorption (%) 112 (3.1) 114 (3.3) 118 (2.2) 119 (3.4)

Modulus of Rupture (MPa) 9.7 9.9 9.5 8.8

Modulus of Elasticity (MPa) 2045 2095 2012 1917

Formaldehyde content
(mg/100 g ODB) 10.5 9.2 8.6 8.0

When MFC 2% suspension is admixed with the ready resin, at gradually increasing but low
dry/liquid resin levels (Approach 3) with parallel reduction in the resin level, the boards’ tensile
strength is improved even at a 17% decrease in the resin level. The water resistance and bending
strength of the boards are slightly impaired, but the fluctuation of the results is within the accuracy
range, so no significant differences are noted. Formaldehyde content is, respectively, reduced.
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The slight differences observed in the results for the same formulations among the various
experiments, derive from the variability of the process and possibly from different prevailing
environmental conditions.

3.2. Waferboard Production

For the manufacture of waferboard panels, MUF resin type was used. The results from the analysis
of one resin sample of this type are presented in Table 7:

Table 7. MUF resin analysis results, Waferboard.

Resin Type MUF

Solids (%) 64.2
pH 9.3

Viscosity (cP) 360
Gel time (s) 66

Water tolerance (mL:mL) 1/0.5
Specific gravity 1.279

3.2.1. MFC 10% Paste Admixed with MUF Resin at Increasing Addition Levels, Keeping the Resin
Level Stable (Approach 2), Average Property Values, Standard Deviation (in Brackets)

The results obtained from the analysis of the properties of the panels produced during experiment
3.2.1 are presented in Table 8.

Table 8. Waferboard panels analysis, MFC 10% increasing levels, resin stable, Approach 2.

Formulation MUF
Reference

MUF + 0.25%
MFC

MUF + 0.50%
MFC

MUF + 0.75%
MFC

MUF + 1.00%
MFC

% Binder, dry/dry wood 12.0 12.0 12.0 12.0 12.0

% MFC, dry/liquid resin 0.00 0.25 0.50 0.75 1.00

Internal bond (MPa) 0.50 (0.06) 0.49 (0.08) 0.51 (0.10) 0.52 (0.03) 0.61 (0.06)

24 h Thickness
Swelling (%) 22.1 (2.1) 24.5 (2.8) 22.4 (0.8) 20.8 (0.9) 19.8 (5.3)

24 h Water Absorption (%) 61 (2.2) 68 (3.3) 65 (7.4) 60 (7.2) 61 (6.3)

Modulus of Rupture (MPa) 21.4 20.8 23.1 22.1 24.1

Modulus of
Elasticity (MPa) 3395 3257 3679 3820 3789

Formaldehyde content
(mg/100 g ODB) 7.4 6.8 7.4 7.8 7.5

The analysis of the produced waferboard panels following Approach 2 (admixing MFC 10% paste
with the ready resin) indicated that only adding 1.00% dry MFC on liquid MUF resin significantly
improves the Internal Bond and slightly improves the Modulus of Rupture/Modulus of Elasticity
and water resistance of the produced boards. The latter effect is shown by the decrease in thickness
swelling. The formaldehyde content was not affected. However, the higher the MFC level, the more
viscous the glue mixture, almost reaching the limit of being sprayable when that level of MFC is mixed
with the resin.

3.2.2. MFC 10% Paste Admixed with MUF Resin at Increasing Addition Levels, Decreasing the Resin
Level (Approach 2), Average Property Values, Standard Deviation (in brackets)

The results obtained from the analysis of the properties of the panels produced during experiment
3.2.2 are presented in Table 9.
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Table 9. Waferboard panels analysis, MFC 10% increasing levels, resin decreasing, Approach 2.

Formulation 12% MUF
Reference

11.3% MUF +
0.25% MFC

10.5% MUF +
0.50% MFC

9.8% MUF +
0.75% MFC

9.0% MUF +
1.00% MFC

% Binder, dry/dry wood 12.0 11.3 10.5 9.8 9.0

% MFC, dry/liquid resin 0.00 0.25 0.50 0.75 1.00

Internal bond (MPa) 0.58 (0.13) 0.65 (0.12) 0.59 (0.09) 0.54 (0.11) 0.57 (0.08)

24 h Thickness Swelling (%) 21.1 (2.1) 19.9 (1.1) 22.8 (2.5) 25.4 (2.5) 29.8 (2.7)

24 h Water Absorption (%) 66 (4.4) 63 (5.2) 65 (3.8) 83 (10.2) 78 (5.5)

Modulus of Rupture (MPa) 18.3 19.5 18.3 15.0 16.0

Modulus of Elasticity (MPa) 2923 3295 3069 2600 2711

Formaldehyde content
(mg/100 g ODB) 7.3 7.1 7.0 6.7 7.0

Up to a certain point, 11.3% MUF/0.25% MFC, admixing MFC 10% paste with the resin (Approach 2),
even at reduced resin loading level, could be proven advantageous, especially concerning mechanical
properties. The water resistance (thickness swelling and water absorption) is also positively affected
by the addition of MFC. Beyond that point, all the properties start to be impaired, probably because
the influence of the reduction in the petrochemical resin is more significant than the introduction of
MFC. The strong hydrophilic character of the MFC, which is due to the high amount of -OH groups on
its surface, possibly leads to higher water adsorption, reducing the water resistance of the produced
boards. The fluctuation of the results obtained for the formaldehyde content is within the accuracy
range, so no conclusions can be drawn.

The slight differences observed in the results for the same formulations among the various
experiments derive from the variability of the process and possibly from different prevailing
environmental conditions.

3.3. Plywood Production

For the manufacture of plywood panels, PF resins were synthesized and the results from the
analysis of a reference PF resin and of an MFC-reinforced one (Approach 1), used during this series of
experiments, are presented in Table 10.

Table 10. Phenol-Formaldehyde (PF) resin analysis results, Plywood.

Resin Type PF Reference MFC-Reinforced PF

% MFC, dry/liquid resin 0.00 0.22
Solids (%) 40.6 40.9

pH 11.8 11.6
Viscosity (cP) 360 430

Gel time (min) 17 26
Alkalinity (%) 6.8 6.6

A comparison between the reference PF resin and the MFC-reinforced one concerning their
analysis results indicates a shorter gel time for the reference PF, and thus a higher reactivity, which,
however, could cause premature resin curing reaction. Moreover, the viscosity of the MFC-reinforced
PF is higher, which makes sense, since MFC can operate as a thickener and thus it could, as well,
prevent the over-penetration of the glue into the wood substrate.

3.3.1. MFC 2% Suspension Added as Raw Material in PF Resin during its Synthesis (Approach 1),
Average Property Values, Standard Deviation (in Brackets)

The results obtained from the analysis of the properties of the panels produced during experiment
3.3.1 are presented in Table 11.

140



Molecules 2020, 25, 4846

Table 11. Plywood panels analysis, MFC 2%, Approach 1.

Formulation PF Reference MFC-Reinforced PF (Approach 1)

Binder, g/m2 58 58
% MFC, dry/liquid resin 0.00 0.22
Shear Strength, N/mm2 1.2 (0.49) 1.5 (0.41)

Wood failure, % 72 (16) 70 (25)

When MFC 2% suspension was added in the PF resin during its synthesis (Approach 1), it helped
to improve the shear strength and achieve equal wood failure as compared to the reference plywood
panels. Both characteristics mentioned above, i.e., lower resin reactivity and higher viscosity, could
have contributed to the improved shear strength of the panels with the MFC-reinforced formulation,
apart from the fact that MFC participates in the formulation as well.

3.3.2. MFC 10% Paste Evaluated as Rheology Modifier (Thickener), Replacing Wheat Flour, Admixed
with the Ready PF Resin (Approach 2), Average Property Values, Standard Deviation (in Brackets)

The results obtained from the analysis of the properties of the panels produced during experiment
3.3.2 are presented in Table 12.

Table 12. Plywood panels analysis, MFC 10%, Approach 2.

Formulation PF Reference PF + 0.50% MFC (Approach 2)

Binder, g/m2 58 58
% MFC, dry/liquid resin 0.00 0.50

% Wheat flour, dry/liquid resin 12.0 0.0
% Water, liquid/liquid resin 8.0 0.0

Shear Strength, N/mm2 1.4 (0.56) 1.5 (0.48)
Wood failure, % 78 (17) 73 (19)

In this case, the addition level of MFC 10% paste was chosen by preparing a glue mixture with
similar viscosity to that of the reference glue mixture containing flour. It was observed that the
MFC-based formulation was spread more smoothly and evenly than the reference and it prevented
early penetration of the glue mixture in the wood substrate, which translates to a rheology improvement
of the glue mixture. The panel properties of the two formulations were similar.

3.3.3. MFC 10% Paste Admixed with PF Resin at Elevated Addition Levels, Keeping the Resin Loading
Level Stable (Approach 2), Average Property Values, Standard Deviation (in Brackets)

The results obtained from the analysis of the properties of the panels produced during
experiment 3.3.3 are presented in Table 13.

Table 13. Plywood panels analysis, MFC 10% increasing levels, Approach 2.

Formulation PF Reference PF + 0.23% MFC PF + 0.46% MFC PF + 0.68% MFC

Binder, g/m2 58 58 58 58
% MFC, dry/liquid resin 0.00 0.23 0.46 0.68
Shear Strength, N/mm2 1.5 (0.61) 1.3 (0.68) 1.5 (0.66) 1.5 (0.58)

Wood failure, % 72 (21) 82 (22) 80 (25) 76 (24)

There was no statistically significant positive effect on the shear strength of plywood panels
when the MFC addition levels according to Approach 2 were gradually increased. It was shown that
an addition level from 0.23 to 0.46% of dry MFC/liquid resin is enough to slightly improve the %
wood failure.
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The slight differences observed in the results for the same formulations among the various
experiments derive from the variability of the process and possibly from different prevailing
environmental conditions.

In total, MFC seems to modify the rheology of the adhesive systems where it is introduced,
by increasing their viscosity, while allowing a homogeneous distribution of the resin mixture when
applied on the wood. This phenomenon could be attributed to the non-Newtonian character rendered
to the resin mixture by MFC, which brings a shear thinning behaviour to it. Such a characteristic is
important in the manufacturing process of wood-based panels, since the glue mixture is sprayed on the
wood-particles/wood-strands under very high pressure, through spraying nozzles, which create a very
fine mist of the mixture. When MFC participates in the mixture, the shear thinning effect facilitates the
easy spray of the resin mixture, which is then evenly distributed on the wood particles. The small resin
droplets regain their viscosity afterwards, and remain on the wood surface, thus avoiding the resin
loss due to absorption of the resin mixture from the wood substrate, which happens at a high extent in
the case of the reference, without MFC, formulations. The avoidance of resin loss leads to optimum
adhesion performance and improved product properties. In this study, this effect was evident in
the case of particleboard and RSB (waferboard), when MFC was admixed with the resin during the
preparation of the glue mixture, either at high addition levels (MFC 10% paste/Approach 2) or at low
addition levels (MFC 2% suspension/Approach 3).

3.4. Differential Scanning Calorimetry (DSC)

The potential effect of MFC addition on the curing behaviour of the UF adhesive, in some of the
experiments described above, was evaluated by Differential Scanning Calorimetry (DSC). In particular,
the DSC analysis was performed for the UF adhesive systems for experiments 3.1.1, 3.1.2 and 3.1.4,
in order to evaluate the MFC influence when used in combination with UF resins via all three approaches
in particleboard production. Since UF resins are thermosetting polymers, their curing reaction is
an exothermal one, as depicted by the peaks of the DSC plots, which are presented henceforward.
The DSC analysis results are also presented in the tables below:

Experiment 3.1.1. MFC 2% Suspension in UF Resin during Synthesis or Admixed with the Ready UF
Resin (Approach 1 vs. Approach 3)

The results obtained from the DSC analysis of the resin systems used during experiment 3.1.1 are
presented in Table 14 and the corresponding thermograms are depicted in Figure 2.

Table 14. DSC analysis results, Experiment 3.1.1 (Approach 1 vs. Approach 3).

Sample Peak (◦C) Onset (◦C) Heat (J/g)

UF Reference 96.95 88.41 45.22
MFC-Reinforced UF (Approach 1) 98.51 88.20 43.94

UF + 0.22% MFC (Approach 3) 98.10 88.15 47.26

The results obtained from the DSC analysis of the first experiment suggest that the reactivity of the
UF resins including MFC (either during the resin synthesis or admixed with the resin) was impaired,
since higher temperature is necessary for the curing process to take place, according to the respective
peak temperatures obtained. It was also observed that the MFC-reinforced UF resin (Approach 1)
cures at relatively higher temperature than the UF resin where MFC was admixed (Approach 3).
These results are in agreement with the particleboard analysis results, where Approach 3 was proven
to be advantageous against Approach 1.
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Figure 2. DSC curves, Experiment 3.1.1.

Experiment 3.1.2. MFC 10% Paste at Increasing Addition Levels, Keeping the Resin Loading Level
Stable. MFC Admixed with UF Resin (Approach 2)

The results obtained from the DSC analysis of the resin systems used during experiment 3.1.2 are
presented in Table 15 and the corresponding thermograms are depicted in Figure 3.

Table 15. DSC analysis results, Experiment 3.1.2 (Approach 2).

Sample Peak (◦C) Onset (◦C) Heat (J/g)

UF reference 96.81 86.76 46.41
UF + 0.25% MFC 97.04 88.36 45.12
UF + 0.50% MFC 97.76 87.28 45.00
UF + 0.75% MFC 96.98 86.95 49.02
UF + 1.00% MFC 97.38 86.83 47.49

The results obtained in this case suggest that the reference UF resin formulation is more reactive
than the formulations where MFC was added. This is not in accordance with the particleboard analysis
results. It should be noted, however, that in board production, the curing behaviour of the adhesive
system is usually affected by the participation of the wood substrate, due to the pH value and the
pH buffering capacity of wood, and this may the reason for the difference between the DSC and
the particleboard production results. Furthermore, the improved behaviour of the MFC-containing
formulations may be attributed to the rheology effect of the MFC on the resin mixtures during the
particleboard manufacturing process, as explained previously. On the other side, the DSC results show
that the onset temperature declines with the increase in MFC level in the system, which indicates an
increase in reactivity, a result conforming with the particleboard analysis results.
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Experiment 3.1.4. MFC 2% Suspension at Increasing Addition Levels, Keeping the Resin Level Stable.
MFC Admixed with UF Resin (Approach 3)

The results obtained from the DSC analysis of the resin systems used during experiment 3.1.4 are
presented in Table 16 and the corresponding thermograms are depicted in Figure 4.

Table 16. DSC analysis results, Experiment 3.1.4 (Approach 3).

Sample Peak (◦C) Onset (◦C) Heat (J/g)

UF Reference 97.02 86.35 50.25
UF + 0.01% MFC 98.12 86.06 50.26
UF + 0.02% MFC 96.95 88.41 45.22
UF + 0.03% MFC 98.51 88.20 43.94

The results obtained from this DSC analysis suggest that the most reactive formulation is that with
the lowest MFC addition level, followed by the reference UF formulation, especially when observing
the onset temperatures. In addition, the highest temperature necessary for the curing reaction to
take place was obtained by the analysis of the formulation with the highest MFC addition level.
However, the particleboard results indicated that the higher the MFC addition level, the better the
board performance. It is hence deduced that here, again, the wood substrate interaction with the
resin in combination with the MFC addition may have positively influenced the curing process of the
adhesive system and also the board performance.
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4. Discussion and Conclusions

The conclusions drawn from the entire experimental process are the following:

Particleboard

• The introduction of MFC 2% suspension in the UF and MUF resins during their synthesis
(Approach 1), at a range of 0.22% and 0.32% (dry MFC/liquid resin), respectively, deteriorates the
performance of particleboard panels, especially the internal bond.

• When MFC 2% suspension is mixed with the ready UF and MUF resins in the glue mixture
(Approach 3), at the same range of 0.22% and 0.32% (dry MFC/liquid resin) as in Approach 1,
respectively, the performance of particleboard panels improves, especially the internal bond.
The other panel properties are not significantly affected.

• Increasing the addition levels of MFC 10% paste in UF resin (Approach 2), at a range of 0.25%–1.00%
(dry MFC/liquid resin), improves the tensile strength (internal bond) of the produced particleboards.
The other panel properties are not significantly affected.

• The addition of MFC 10% paste in UF resin (Approach 2), up to a level of 0.25% (dry MFC/liquid
resin), allows the reduction in UF resin consumption in particleboard panels, by maintaining or
even improving the board performance.

• Increasing addition levels of MFC 2% suspension in UF resin (Approach 3), at a range of
0.01%–0.03% (dry MFC/liquid resin), clearly improves the performance of the produced boards.

• The addition of MFC 2% suspension in UF resin (Approach 3), within a range of 0.01%–0.03%
(dry MFC/liquid resin), allows the reduction in UF resin consumption in particleboard panels, by
improving the internal bond and reducing the formaldehyde content of the boards but slightly
impairing the other panel properties.

• MFC acts as a rheology modifier of the resin mixture, improving its distribution on the wood
particles, enabling it to cover a larger surface of wood, and preventing its penetration into the
wood substrate.

Waferboard

• Increasing the addition levels of MFC 10% paste in MUF resin (Approach 2), within a range of
0.25%–1.00% (dry MFC/liquid resin), improves the mechanical properties of waferboard panels.
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• The addition of MFC 10% paste in MUF resin (Approach 2), up to a level of 0.50% (dry MFC/liquid
resin), allows the reduction in MUF resin consumption in waferboard panels, maintaining the
board properties.

• Similarly to the particleboard case, MFC can act as a rheology modifier of the resin mixture of the
RSB application as well, improving its distribution on the wood strands, enabling it to cover a
larger surface of wood and preventing its penetration into the wood substrate.

Plywood

• The introduction of MFC 2% suspension in the PF resin during its synthesis (Approach 1), at an
addition level of 0.22%, improves the performance of plywood panels.

• Increasing the addition levels of MFC 10% paste in PF resin (Approach 2), within a range of
0.23%–0.68% (dry MFC/liquid resin), did not offer any significant improvement to the board
properties. Nevertheless, MFC can be added as a thickener in the glue mixture of the PF resin for
plywood production, substituting the conventionally-applied wheat flour, while maintaining the
panel performance.

The conclusions discussed above can be better illustrated in Table 17 below:

Table 17. Conclusions and general evaluation.

Application Approach
MFC Addition Level,
% Dry MFC/Liquid

Resin
MFC Grade Property Outcome Remarks

Particleboard

1 0.22–0.32%
2%

suspension

Mechanical properties (Internal
Bond, Modulus of Rupture,

Modulus of Elasticity)
Negative

Wet properties (Thickness
swelling, Water absorption) Negative

Formaldehyde content Positive

3 0.22–0.32%
2%

suspension

Mechanical properties (Internal
Bond, Modulus of Rupture,

Modulus of Elasticity)
Positive

Wet properties (Thickness
swelling, Water absorption) Neutral

Formaldehyde content Neutral

2 0.25–1.00% 10% paste

Mechanical properties (Internal
Bond, Modulus of Rupture,

Modulus of Elasticity)
Positive Allows

reduction in
resin,

maintaining
board properties

Wet properties (Thickness
swelling, Water absorption) Neutral

Formaldehyde content Neutral

3 0.01–0.03%
2%

suspension

Mechanical properties (Internal
Bond, Modulus of Rupture,

Modulus of Elasticity)
Positive Allows

reduction in
resin,

maintaining
board properties

Wet properties (Thickness
swelling, Water absorption) Positive

Formaldehyde content Positive

Waferboard 2 0.25–1.00% 10% paste

Mechanical properties (Internal
Bond, Modulus of Rupture,

Modulus of Elasticity)
Positive Allows

reduction in
resin,

maintaining
board properties

Wet properties (Thickness
swelling, Water absorption) Neutral

Formaldehyde content Neutral

Plywood

1 0.22%
2%

suspension
Shear strength Positive

Wood failure Neutral

2 0.23–0.68% 10% paste
Shear strength Neutral

Can substitute
conventional

thickeners,
maintaining

board propertiesWood failure Neutral
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Table 17 indicates that the addition of MFC 2% suspension in UF resin during particleboard
production, at addition levels of 0.01–0.03% (dry MFC/liquid resin), following Approach 3, is the most
promising path to follow.

Summarising, the use of MFC in adhesive systems for wood-based panels’ production has shown
positive results at laboratory scale. When introduced at low addition levels as an additive in the
glue mixture of the resin, it improves board performance and allows the reduction in petrochemical
substances, such as, for instance, the resin itself.

The findings of this research work pave the way for the development and adoption of adhesive
formulations with lower CO2 footprint, rendering a more environmentally friendly character to the
final wood-based panel products.
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Abstract: The use of renewable resources for plastic production is an imperious need for the reduction
of the carbon footprint and the transition towards a circular economy. With that goal in mind, fully
biobased epoxy resins have been designed and prepared by combining epoxidized linseed oil, lignin,
and a biobased diamine derived from fatty acid dimers. The aromatic structures in lignin provide
hardness and strength to an otherwise flexible and breakable epoxy resin. The curing of the system
was investigated by infrared spectroscopy and differential scanning calorimetry (DSC). The influence
of the different components on the thermo-mechanical properties of the epoxy resins was analyzed
by DSC, thermal gravimetric analysis (TGA), and tensile tests. As the content of lignin in the resin
increases, so does the glass transition, the Young’s modulus, and the onset of thermal degradation.
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.

Keywords: lignin; lignocellulose; aromatics; biobased; epoxy; fatty acid; biopolymers; biobased
materials; biorenewable

1. Introduction

We live surrounded by plastics: from packaging to clothing, including construction materials,
components of vehicles, furniture, electronics, and an endless list of commodities. In these days of
banishment of plastics, their benefits should be kept in mind. For example, the use of plastics for
automotive parts results in lighter vehicles that consume less fuel, therefore reducing the greenhouse
emissions [1]. However, the overall carbon footprint of most plastics is high because their production
relies on fossil fuels. The use of renewable resources for plastic production is, therefore, an imperious
need. It is a challenging endeavor because the high performance of current fossil-derived plastics has
set a high bar for biobased plastics. The replacement of petrol-derived monomers by their biobased
analogs offers, in principle, a win-win situation; that is, the same characteristics and processing as
fossil-derived plastics but derived from renewable sources. However, direct replacement is commonly
not the most (resource and waste) efficient option because the biomass-derived building blocks are
different from the petrol-derived ones [2]. Furthermore, although possible in some cases (as in the case
of polyethylene), few of the current industrially produced biobased polymers have a 100% biomass
content [3]. Currently, the use of new, biomass-derived building blocks for the production of fully
biobased polymers is practically restricted to academia. Unfortunately, the price and/or availability of
the monomers employed in these studies are a great obstacle for their industrial application [4].
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Here, we report a fully biobased epoxy resin from biorenewable bulk chemicals: lignin and
vegetable oils [5]. Currently, the glycidyl ether of bisphenol A is the main epoxy monomer, and it
is synthesized from BPA and epichlorohydrin. There have been many attempts to replace BPA
with biobased aromatic structures and subsequently cure it [6]. This approach, however, incurs the
above-mentioned limitations, namely not being fully biobased (usually due to the curing agent) and
the exotic monomers that are used [7]. Some of the few biobased epoxy building blocks that reach
industrial-scale production are two epoxidized vegetable oils (EVO), namely epoxidized soybean oil
(ESO) and epoxidized linseed oil (ELO) (Scheme 1). The possibility of using epoxidized vegetable
oils (EVO) in epoxy polymers has been known for decades, but due to the lack of rigid structures
(cycloaliphatic, aromatic) the resulting polymers had a low strength [8].

Molecules 2020, 25, x FOR PEER REVIEW 2 of 11 

 

and/or availability of the monomers employed in these studies are a great obstacle for their industrial 
application [4]. 

Here, we report a fully biobased epoxy resin from biorenewable bulk chemicals: lignin and 
vegetable oils [5]. Currently, the glycidyl ether of bisphenol A is the main epoxy monomer, and it is 
synthesized from BPA and epichlorohydrin. There have been many attempts to replace BPA with 
biobased aromatic structures and subsequently cure it [6]. This approach, however, incurs the above-
mentioned limitations, namely not being fully biobased (usually due to the curing agent) and the 
exotic monomers that are used [7]. Some of the few biobased epoxy building blocks that reach 
industrial-scale production are two epoxidized vegetable oils (EVO), namely epoxidized soybean oil 
(ESO) and epoxidized linseed oil (ELO) (Scheme 1). The possibility of using epoxidized vegetable oils 
(EVO) in epoxy polymers has been known for decades, but due to the lack of rigid structures 
(cycloaliphatic, aromatic) the resulting polymers had a low strength [8]. 

Lignin, with its highly cross-linked phenolic network (Scheme 1), could act as a counterbalance 
for that deficit of stiffness. Moreover, lignin is currently a waste product from the pulp and paper 
industry and the only biorenewable source of aromatics that can provide enough feedstock to replace 
petrol-based aromatics. Technical (industrially produced) lignins are currently the only lignins 
available at a large scale. Among them, the Kraft process is the dominant in the pulp and paper 
industry (Scheme 1) [9]. By the use of high temperatures and basic conditions, lignin and 
hemicellulose are separated from cellulose. High-quality cellulose is obtained, but the resulting lignin 
is altered. In the pulp and paper industry, this is not a problem because lignin is burned to generate 
energy and to recover inorganic chemicals. However, the use of this lignin for polymer synthesis 
represents a challenge due to high polydispersity, limited solubility, and heterogenicity [10]. The 
fractionation of kraft lignin (KL) [11,12] is an interesting technique that has successfully been applied 
for epoxy resins synthesis [13]. In epoxy resins, the catalog of hardeners that can be used to cure 
epoxy resins is broad, the polyamines being the most common choice. Unfortunately, the industrial 
production of biobased polyamines is still in its infancy [7,14]. One of the few marketed biobased 
diamines is Priamine® from Croda, derived from dimerized fatty acids (Scheme 1).  

 
Scheme 1. Biobased building blocks used in this study to produce biobased epoxy resins. 

2. Results and Discussion 

2.1. Design of a Fully Biobased Epoxy Resin 

The solubility tests of Lignoboost® KL showed that it was fully soluble in tetrahydrofuran, 
partially soluble in methanol and acetone but not quite in ethyl acetate. Consequently, methanol and 
acetone were chosen as fractionation solvents, and the properties of the extracted lignin were 
analyzed (Table 1 and Supplementary Materials S1-S6).  

Scheme 1. Biobased building blocks used in this study to produce biobased epoxy resins.

Lignin, with its highly cross-linked phenolic network (Scheme 1), could act as a counterbalance
for that deficit of stiffness. Moreover, lignin is currently a waste product from the pulp and paper
industry and the only biorenewable source of aromatics that can provide enough feedstock to replace
petrol-based aromatics. Technical (industrially produced) lignins are currently the only lignins available
at a large scale. Among them, the Kraft process is the dominant in the pulp and paper industry
(Scheme 1) [9]. By the use of high temperatures and basic conditions, lignin and hemicellulose are
separated from cellulose. High-quality cellulose is obtained, but the resulting lignin is altered. In
the pulp and paper industry, this is not a problem because lignin is burned to generate energy and
to recover inorganic chemicals. However, the use of this lignin for polymer synthesis represents
a challenge due to high polydispersity, limited solubility, and heterogenicity [10]. The fractionation of
kraft lignin (KL) [11,12] is an interesting technique that has successfully been applied for epoxy resins
synthesis [13]. In epoxy resins, the catalog of hardeners that can be used to cure epoxy resins is broad,
the polyamines being the most common choice. Unfortunately, the industrial production of biobased
polyamines is still in its infancy [7,14]. One of the few marketed biobased diamines is Priamine® from
Croda, derived from dimerized fatty acids (Scheme 1).

2. Results and Discussion

2.1. Design of a Fully Biobased Epoxy Resin

The solubility tests of Lignoboost® KL showed that it was fully soluble in tetrahydrofuran,
partially soluble in methanol and acetone but not quite in ethyl acetate. Consequently, methanol and
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acetone were chosen as fractionation solvents, and the properties of the extracted lignin were analyzed
(Table 1 and Supplementary Materials S1–S6).

Table 1. Characterization of lignin fractions.

Lignin
Fraction Yield (%) Mw

(g/mol) 1 PDI 1 Tg (◦C) 2 Aliphatic OH
(mmol/g) 3

Aromatic OH
(mmol/g) 3

COOH
(mmol/g) 3

KL - 5200 3.5 132 2.0 4.3 0.4
KLMeOH 48 1610 2.0 89 1.7 4.5 0.5
KLAcetone 61 2540 2.2 114 1.5 4.6 0.5

1 Determined by GPC. 2 Determined by DSC. 3 Determined by 31P NMR.

The methanol extracted fraction, KLMeOH, with the lowest polydispersity index (PDI), molecular
weight (Mw), and glass transition (Tg), was chosen for the biopolymer development. Initial efforts were
directed towards using lignin as a curing agent for the epoxy group. The quest for a lignin-epoxy resin
goes decades back [15,16]. There is an extensive body of literature showing that the hydroxyl groups in
the lignin can react with terminal epoxy groups in molecules such as (polyethelene) glycerol digylicidy
ether [17–21]. However, EVO such as ESO or ELO did not yield a fully cured product, probably due to
the lower reactivity of internal epoxy groups. Consequently, the addition of a second curing agent,
namely a biobased diamine derived from dimer fatty acids (Priamine 1074 ®) was considered and
successfully tested. The miscibility of the non-polar oils with polar lignin was not always optimal but
could be addressed by transesterifying the EVO with methanol (Scheme 1). Apart from improving the
compatibility of the mixture, the use of methyl esters of EVO (ESOme and ELOme) led to samples with
higher Tg than those prepared with the EVO. Although the transesterification process was carried out
in the lab, it is worth noting that there are commercial suppliers of ESOme and ELOme.

2.2. Possible Curing Mechanism

The reactivity of epoxy groups towards hydroxyl and amine groups is well understood [22], and
its curing can be followed using infrared spectroscopy [13]. In our system, besides the epoxy and
the amine groups, the hydroxyl groups from lignin were also present. In order to better understand
the interaction between the three components, the curing mechanism was studied. More specifically,
we wanted to prove that the lignin reacts with the EVO and that it gets incorporated in the structure.
Our hypothesis was that the reaction of lignin with an excess of EVO led to an intermediate with
epoxy groups still available to be cured upon addition of the diamine (Figure 1 and Scheme 2) [19].
In order to prove that the lignin reacted with the epoxide groups and was not merely embedded in
the cured epoxy matrix, the curing of the resin was analyzed by DSC and an exotherm was observed
(Supplementary Materials S7). This is in line with previous research [20]. Furthermore, a cured sample
was immersed in tetrahydrofuran and kept for 48 h. Afterwards, the epoxy resin was removed, and the
liquid was analyzed by 1H NMR. It showed that the leaching corresponded to the diamine and not
to lignin (Supplementary Materials S8). This result is not surprising considering that an excess of
diamine in relation to epoxides was used. IR showed the disappearance of the stretch corresponding
to the epoxy group at 825 cm−1 as well as the increase of the broad hydroxyl stretch between 3200
and 3500 cm−1 (Figure 2). To our surprise, we noticed that the curing with diamine resulted in the
appearance of another peak at around 1650 cm−1 (Figure 1). We identified it as that of the C=O stretch
of the amide, resulting from the reaction of the ester of EVO with the excess of diamine (Scheme 2).
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Figure 2. (a) Correlation between the lignin content and Young’s modulus of the cured epoxy resins.
(b) Physical appearance of epoxy resins with 0%, 12.5%, and 22.2% weight of KLMeOH.
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2.3. Influence of the Dimer Diamine Content

This finding encouraged us to further explore the effect of the amount of the diamine on the
properties of the epoxy resins. Fixing the amount of lignin to half the weight of the ELOme, various
equivalents of diamine to epoxy equivalents in ELOme were tested (Table 2). The Young’s modulus
(EYoung) was exponentially correlated (Supplementary Materials S9) with the amount of diamine, which
is understandable considering its long alkyl chain. Interestingly, other thermomechanical properties
did not follow the same trend. Both the tensile strength and glass transition temperature gave similar
results for all the samples but one. When one equivalent of diamine was used, the sample had a higher
strength and Tg. These results suggest that with one equivalent of diamine, the cross-linking is the
highest. Furthermore, they reinforce the proposed curing mechanism. Because some of the OH groups
of lignin reacted with the epoxy groups of the EVO, the one equivalent of the diamine was actually
in excess to the epoxy groups of the EVO, and the higher cross-linking must have come from the
amide formation.

Table 2. The effect of the diamine content on the thermomechanical properties of the epoxy resins.

Diamine Equiv. to ELOme. EYoung (MPa) 1 ΣBreak(MPa) 1 EBreak (%) 1 Tg (◦C) 2

0.75 22.1 ± 1.6 2.5 ± 0.1 47 ± 2 −2
1 13.8 ± 1.3 4.0 ± 0.7 114 ± 14 0

1.25 7.4 ± 0.4 2.2 ± 0.1 100 ± 33 −5
1.5 4.7 ± 1.1 2.2 ± 0.3 144 ± 15 −6

1 Calculated by tensile test. Data are the average of three test pieces± SD. 2 Determined by DSC (S10 in Supplementary
Materials).

2.4. Influence of the Lignin Content on the Mechanical Properties

Consequently, we fixed the amount of diamine to one equivalent to the epoxy groups in the ELOme,
and we moved on to explore the influence of the KLMeOH content on the thermomechanical properties of
the resulting polymers (Table 3). Both Young’s modulus and the tensile strength showed an exponential
increase with an increasing amount of lignin (Figure 2a). Because of the long aliphatic chains of both
ELOme and the diamine, the polymer resulting from their mixture was an elastic although easily
breakable material. The incorporation of lignin dramatically changed the properties, and with 12.5%
weight of KLMeOH in the composition, the Young’s modulus increased ten-fold. Notably, doubling that
amount of lignin resulted in a fifty-fold increase in EYoung compared with the sample without lignin.
Testing the limits, a resin with an even higher percentage of lignin (36.4%) was also tested but resulted
in a brittle sample. Besides the mechanical properties, the effect of lignin was also noticeable in the
color of the samples, which ranged from dark orange to dark brown (Figure 2b).

Table 3. Influence of the lignin content on the mechanical properties of the cured epoxy resins.

KLMeOH Content (% weight) 1 EYoung (MPa) 2 ΣBreak(MPa) 2 EBreak (%) 2

0 0.26 ± 0.01 0.4 ± 0.1 197 ± 11
6 0.7 ± 0.1 0.6 ± 0.1 105 ± 15

12.5 2.2 ± 0.4 1.8 ± 0.4 129 ± 16
22.2 13.8 ± 1.3 4.0 ± 0.7 114 ± 14

1 Lignin content as the % weight of lignin in the resin. 2 Calculated by tensile test. Data are the average of three test
pieces ± SD.

2.5. Influence of the Lignin Content on the Thermal Properties

Lignin also had a marked effect on the Tg. The cross-linked epoxy resin resulting from the curing
between the ELOme and the diamine showed a glass transition temperature of −20 ◦C (Figure 3). This
result is in line with previous research on epoxy resins derived from EVO and diamines derived from
fatty acids [23]. As with the mechanical properties, the effect of KLMeOH on the glass transition followed

153



Molecules 2020, 25, 1158

an exponential increase: 6% of lignin had no influence, but 12.5% of KLMeOH resulted in a Tg of −12 ◦C,
and the resin with 22.2% of lignin had a glass transition of 0 ◦C (Figure 3). A similar exponential trend
had been observed before for an epoxy-lignin-amine system [19]. In that case, the epoxy component
was polyethelene glycerol digylicidy ether and the amine triethylene tetramine. Despite the differences
with our system, the glass transitions are surprisingly close for a defined amount of lignin. This fact
underlines the strong impact lignin has on the thermal properties of epoxy resins.
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Likewise, the presence of KLMeOH had a profound impact on the thermal stability of the resins.
Although there are some exceptions [24], the incorporation of lignin in a polymeric matrix typically
leads to increased thermal stability [25]. TGA experiments (Figure 4 and Table 4) showed increased
stability as the content of lignin in the sample rose. The sample without lignin was completely
consumed at 500 ◦C, which is in agreement with previous research on EVO/dimer systems [23]. By
contrast, the sample with 12.5% of KLMeOH in weight showed 14% of residual weight. Importantly,
the residual weight cannot just be attributed to the remaining lignin, as the sample with 22% weight
of KLMeOH retained 40% of weight at 500 ◦C. Interestingly, the same exponential effect to that of the
Young modulus of the resins was also observed here. That is, the effect from doubling the lignin
content (from 12.5% to 22% of the total weight) had a greater impact than that from not having lignin
at all to having a 12.5% content.

Table 4. Thermal decomposition data from the TGA curves.

Lignin Content
(% weight) 1 2.5% Weight Loss (◦C) 5% Weight Loss (◦C) Residual Mass at 800 ◦C

(% weight)

0 249 302 1
12.5 257 292 14
22.2 276 315 40

1 Lignin content as the % weight of KLMeOH in the resin.
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2.6. Influence of the Type of Lignin on the Thermomechanical Properties

After the observed strong effect of the amount of lignin on the thermomechanical properties of the
resins, we wondered how these would be influenced by the characteristics of lignin (Table 5). Different
fractions of KL showed a positive correlation between the Mw and the Young’s modulus, in line with
previous reports [13]. That is, the higher the Mw, the higher the Young’s modulus. However, no such
trend was observed for the ultimate tensile strength (ΣBreak) or elongation at break (EBreak). The Tg of
the epoxy resins made from different Kraft lignins had a remarkably similar value, and only that of the
acetone extracted fraction was slightly higher than the rest. A similar effect had been noted before for
lignin-based epoxy resins [13].

Table 5. Effect of the lignin type on the thermomechanical properties of the epoxy resins.

Lignin Type Lignin Content
(% weight) 1

Mw
(g/mol) 2

Dispersity
2

EYoung
(MPa) 3

ΣBreak
(MPa) 3

EBreak (%)
3 Tg (◦C) 4

KLMeOH 22.2 1610 2.0 13.8 ± 1.3 4.0 ± 0.7 114 ± 14 0
KLAcetone 22.2 2540 2.2 20.9 ± 1.6 5.7 ± 0.4 121 ± 14 4

KL 22.2 5200 3.5 35.2 ± 9.0 4.1 ± 1.1 41 ± 6 0
West Fraser KL 22.2 4080 3.8 17.6 ± 0.8 6.8 ± 0.7 135 ± 13 0

BCD oil 22.2 330 1.4 31.1 ± 1.3 3.6 ± 0.2 21 ± 3 9
BCD oil 36.4 330 1.4 60.2 ± 9.6 6.5 ± 0.3 21 ± 8 15

1 Lignin content as the weight% of lignin in the resin. 2 Determined by GPC (Supplementary Materials S4–S6;
S11–S12). 3 Calculated by tensile test. Data are the average of three test pieces ± SD. 4 Determined by DSC
(Supplementary Materials S13).

One of the features of lignin is the variability and heterogenicity among different samples,
and therefore we were interested in comparing a KL from another source. West Fraser KL led to epoxy
resins with not striking but noticeable differences. The resin containing West Fraser KL had a slightly
lower Young’s modulus than Lignoboost KL, which points again to a relation between the Mw and the
Young’s modulus. However, this seems to not be a linear relation, because West Fraser KL had a Mw
of 4080 but a EYoung lower than KLAcetone, which had a Mw of 2540. Despite its relatively low Young’s
modulus, the epoxy resin made from West Fraser KL showed the highest ΣBreak and EBreak of the series.

Fractionation of technical lignins is a good approach to reduce polydispersity and Mw, thus
allowing for better miscibility and reactivity in the prepolymer mixture. Even lower molecular weight
fractions can be obtained from the depolymerization of lignin. These streams are attractive because
they can be in oily form and thus directly blended with the other components without the need
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for solvents [10]. To that end, solvent-extracted, base-catalyzed depolymerization (BCD) oil from
Eucalyptus, with a Mw of 330 and PDI of 1.4, was tested. The polymer resulting from the incorporation
of 22% of such lignin showed a Tg of 9 ◦C, significantly higher than the samples prepared with KL.
Moreover, the structural differences of lignin had a great impact on the mechanical properties, leading
to harder epoxy resins (higher Young’s modulus and lower EBreak, Table 5 and Figure 5). Contrary to
the case of KL, where reducing the Mw and polydispersity led to samples with a lower EYoung, the low
Mw of BCD lignin oil did not result in a less stiff material. Moreover, the use of such lignin oil allowed
us to increase the content of lignin. A sample with 36.4% of lignin content could be prepared, which
displayed a Young’s modulus of 60 MPa and a Tg of 15 ◦C.
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Figure 5. Selected tensile stress-strain curves of different cured epoxy resins.

3. Materials and Methods

3.1. Chemicals

Epoxidized soybean oil (Efka® PL 5382) was kindly provided by BASF; Epoxidized linseed
oil (Lankroflex™) was kindly provided by Valtris. Dimer diamine (Priamine 1074®) was kindly
provided by Croda (AHEW 138g/equiv.). Lignoboost® Kraft lignin was provided by Innventia Institute.
West Fraser Kraft lignin was kindly provided by West Fraser. Base-catalyzed depolymerized (BCD)
solvent-extracted eucalyptus lignin oil was kindly provided by Fraunhofer Institute. Tetrahydrofuran
was purchased from Fisher Scientific, methanol and ethanol from Acros Organics, and 1-methylimidazol
from Alfa Aesar. Sodium hydroxide was purchased from Sigma-Aldrich.

3.2. Transesterification of EVO

The formation of methyl esters of epoxidized soybean and linseed oil was carried out following
a modified literature procedure [26]: 2 g of NaOH were dissolved in 50 mL of methanol and transferred
to a round bottom flask containing 100 g of epoxidized vegetable oil. 5 mL of dichloromethane were
added, and the mixture was stirred for 2 h at 50 ◦C. It was then let to stand overnight so that the
glycerol would settle in the bottom. The upper, liquid phase was transferred to a round bottom flask,
and the methanol was removed under reduced pressure. The epoxy equivalent weight of epoxidized
soybean oil methyl ester was determined to be 230 g/equiv. and 184 g/equiv. for the epoxidized linseed
oil methyl ester.

3.3. Lignin Fractionation and Characterization

Solvent extraction was performed by dissolving 10 g of lignin in 150 mL of a solvent (methanol
or acetone), stirring overnight, filtering through a Büchner funnel, followed by concentrating the
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filtrate and finally drying the lignin at 50 ◦C under vacuum for 16 h. The lignin hydroxyl content was
determined by 31P NMR according to a literature procedure [27].

3.4. Preparation and Curing of Resins

An amount of lignin (LignoBoost Kraft or the solvent-extracted fractions) was dissolved in 2 mL
of tetrahydrofuran and mixed with 1 g of epoxidized vegetable oil (linseed, soybean, or their methyl
esters). Alternatively, ethanol can be used as a solvent. The mixture was stirred at 70 ◦C for 1 h in
an open flask. Afterwards, an amount of Priamine 1074 was added, and the mixture was stirred for
1 min and poured in a Teflon mold. The Teflon mold was placed in a vacuum oven (850 mbar) at 50 ◦C
for 1 h to allow the solvent to evaporate. Then, the Teflon mold was placed in an oven and cured at
120 ◦C for 4 h and at 150 ◦C for 16 h. The curing could also be done at 120 ◦C for 20 h in the presence of
1-methylimidazole as a catalyst without an influence on the outcome. When BCD Eucalyptus lignin
was used, no solvent was required, and thus the required amount of lignin was mixed with 1 g of
epoxidized vegetable oil and stirred at 70 ◦C for 30 min in an open flask. The rest of the protocol was
as described above.

3.5. Chemical Analysis

Gel permeation chromatography was performed on a Styragel HR1 column eluting with
tetrahydrofuran with RID detection. The hydroxyl content was quantitatively determined using 31P
NMR spectroscopy, as described in the literature [27]. The epoxy equivalent weight of methyl esters of
the epoxidized vegetable oils was determined by potentiometric titration following ASTM Standard
D1652−04.

3.6. Thermal Analysis

Possible thermal phase transitions in all of the cured resin specimens were investigated using
differential scanning calorimetry (DSC). The DSC measurements were conducted with TA Discovery
DSC 250 by subjecting the cured epoxy resins to a heat–cool–heat cycle from−80 to 200 ◦C at a 20 ◦C/min
rate under a nitrogen atmosphere. Normalized heat flows were plotted as a function of the temperature,
and the plots were analyzed. The glass transition temperature (Tg) was defined as the half value of the
heat capacity change (∆Cp/2). Thermal gravimetric analyses (TGA) were performed to gain insight
into the degradation temperature of the resins. TGA measurements were carried out in a nitrogen
environment (flow rate 20 mL min−1) using a Netzsch STA 449c machine at a 10 ◦C min−1 heating rate
from 25 to 800 ◦C.

3.7. Spectroscopic Analysis

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) analyses of the epoxy resins
were performed using a Nicolet iS10 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
operating at laboratory atmospheric conditions. The measurements were performed in the attenuated
reflectance (ATR) mode using a diamond crystal. The spectral range was 4000 to 500 cm−1. The scans
were performed with a 4 cm−1 scan resolution and 32 scans per sample. Blank scans were subtracted
from the sample scans prior to their analysis.

3.8. Tensile Test

The tensile tests of the cured epoxy resins were conducted according to ASTM D638, using
an Instron machine model 2412 (Instron, England). Three replicates were measured for each sample,
with the dimensions of ASTM D638 Type V. The tests were performed at 22 ± 2 ◦C and at 50–60%
relative humidity. The crosshead speed was 2.5 mm/min. Young’s modulus, ultimate tensile strength,
and percentage elongation at break were calculated from the stress-strain curves on the basis of the
initial sample dimensions.
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4. Conclusions

A series of fully biobased epoxy resins made from renewable resources were prepared, and their
thermo-mechanical properties were analyzed. Lignin, rich in aromatic structures, gives stiffness and
consistency to the epoxy resins, which are otherwise soft, flexible, and breakable due to long aliphatic
chains of the fatty acid derivatives. Solvent extracted Kraft lignin was used due to its more defined
profile. At a low lignin content, the effects were barely noticeable, but at a 12.5 weight% of lignin
both the glass transition temperature and the Young’s modulus increased, and the rise was even more
pronounced at a 22 weight%. It is thus not a linear but an exponential correlation. Higher amounts
of lignin could not be incorporated if solvent-extracted Kraft lignin was used. Depolymerized and
subsequently solvent-extracted lignin, liquid and with low Mw, could be used in higher amounts
(36.4%), leading to harder epoxy resins. The fact that all the components of the resin are bulk chemicals
opens the door to the production of fully biobased resins on an industrial level.

5. Patents

Ortiz, P.; Vendamme, R. Bio Based Epoxy Resin. PCT/EP2019/075067.
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Abstract: Horticultural plant residues (tomato, pepper, and eggplant) were identified as new sources
for lignocellulose nanofibers (LCNF). Cellulosic pulp was obtained from the different plant residues
using an environmentally friendly process, energy-sustainable, simple, and with low-chemical
reagent consumption. The chemical composition of the obtained pulps was analyzed in order to
study its influence in the nanofibrillation process. Cellulosic fibers were subjected to two different
pretreatments, mechanical and TEMPO(2,2,6,6-Tetramethyl-piperidin-1-oxyl)-mediated oxidation,
followed by high-pressure homogenization to produce different lignocellulose nanofibers. Then,
LCNF were deeply characterized in terms of nanofibrillation yield, cationic demand, carboxyl content,
morphology, crystallinity, and thermal stability. The suitability of each raw material to produce
lignocellulose nanofibers was analyzed from the point of view of each pretreatment. TEMPO-mediated
oxidation was identified as a more effective pretreatment to produce LCNF, however, it produces a
decrease in the thermal stability of the LCNF. The different LCNF were added as reinforcing agent
on recycled paperboard and compared with the improving produced by the industrial mechanical
beating. The analysis of the papersheets’ mechanical properties shows that the addition of LCNF as a
reinforcing agent in the paperboard recycling process is a viable alternative to mechanical beating,
achieving greater reinforcing effect and increasing the products’ life cycles.

Keywords: lignocellulose nanofibers; horticultural residues; paperboard; recycling

Academic Editor: Fabrizio Sarasini

1. Introduction

The 21st century industrial revolution boosted changes in methods of production and consumption
thanks to several factors, such as technological development, globalization of markets and resources,
availability of energy, etc. In terms of development and welfare, the linear economic system had
been beneficial. However, this model, based on taking, making, and discarding [1], is not compatible
with the limited resources and capacity to adapt to environmental impact [2]. As a consequence,
nowadays, modern societies are affected by an alarming resource depletion and overproduction
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of materials which are very difficult to manage. As an alternative, it is proposed that the system
takes a regenerative approach, using “the circular economy” concept, with the aim of keeping the
resource value, and restricting the raw materials and energy inputs. This is generally known as
the “bioeconomy”.

The bioeconomy is an economic system in which biomass is converted into value-added
materials [3], such as chemicals [4], food and feed, and fuels and energy [5,6], among others.
It is based on two assumptions: (i) The biomass is not being totally exploited, its main destination
being soil protection, animal feed, burning, composting and silage; and (ii) the use of the biomass
could be improved. This can be attained by a product valorization and a more efficient use of the
agricultural residues mentioned, extracting more energy and byproducts from them, and decreasing
both the cost of agricultural production and the spread of pests and greenhouse gas (GHG) emissions.
In addition, the biomass application could be improved, increasing the process yields through
innovative technological solutions [7].

The lignocellulosic biomass from agro-industrial activity provides cheap raw materials for the
extraction of biopolymers, such as cellulose, hemicellulose, and lignin. Some advantages of these
vegetal fibers are their natural abundance, low density, high specific stiffness, and biodegradability [8].

In recent years, with the rise of recycling policies, the paper industry has increased the production
of paper from recycled cellulose fiber to produce cardboard packaging. These fibers have poorer
physicochemical properties than the original cellulose fiber due to the hornification effect of the fiber.
This effect is an alteration of the external layers of the cellulose that occurs in the drying process of
paper and during its exposure to the environment, affecting the resistance properties of the paper.
Mechanical beating is the most widely used technology at the industrial level, due to its cost and
simplicity, to improve the properties of the recycled products that require it. However, even though
the mechanical beating increases the specific surface area, swelling capacity, and mechanical properties
of the fibers, there is also long-term structural damage and the creation of fines, thus reducing the
drainage properties and life span of these products [9]. There are other technologies for dealing with
the loss of mechanical properties of recycled products, such as the addition of virgin fiber, the addition
of chemical products, or some more innovative ones, such as enzymatic refining or the addition of
cellulose nanofibers [10]. Cellulose nanofibers present a high specific surface, compared to the original
fiber, which allows a high adhesion capacity with adjacent fibers, acting as a link between fibers and
favoring an increase in their mechanical properties [11].

Spain is the largest producer of vegetables in Europe, with a total of 12,629,447 tonnes in 2018,
representing over 14% of total European production. In Spain, three of the most representative
products are tomatoes, peppers, and eggplants which constitute 37.73%, 10.15%, and 1.89% of the
vegetable production, respectively [12]. This production involves the generation of a high amount of
waste that needs to be managed properly for its use in the production of high value-added products.
The valorization of the lignocellulosic residues from these crops has been studied by several authors
as a raw material to produce compost [13], biogas [14], particleboards [15], and cellulosic pulp for
paperboard [16].

The aim of this work was to study the suitability of biomass residues from tomato, pepper,
and eggplant as new sources for lignocellulosic nanofibers (LCNF) production and their application as a
paperboard reinforcing agent. Cellulose pulps were obtained using an environmentally friendly process,
energy-sustainable, simple, and with low-chemical reagent consumption. The obtained pulps were
physicochemical characterized and used for LCNF production by mechanical and TEMPO-mediated
oxidation pretreatment followed by high-pressure homogenization treatment. The LCNF obtained
was submitted to a physical-chemical characterization and used to improve the mechanical properties
during the paperboard formation and compared with industrial mechanical beating.
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2. Results and Discussion

2.1. Chemical Composition of Raw Materials and Obtained Cellulosic Pulps

The first objective of this study is the production of cellulose pulps from horticultural plant
residues (tomatoes, peppers, eggplants), which was accomplished by subjecting the raw materials to
a soft conditions’ soda pulping process. This treatment has previously been successfully applied to
produce cellulosic pulps with optimal characteristics for the isolation of lignocellulose nanofibers from
herbaceous biomass [17]. The yields from the pulping process were 25.73%, 24.76%, and 20.50% for
eggplant, pepper, and tomato plants, respectively.

Figure 1 shows the differences in the chemical composition of the raw materials and that presented
by the cellulosic pulps obtained. How the non-structural components (extractables and ashes) are
reduced almost entirely after treatment is observed. The cellulose fraction was purified, especially
in cellulosic pulps from tomatoes and pepper plants, increasing from 20.9% and 27.91% to 66.4%
and 56.77%, respectively. In the case of eggplant, this important purification does not take place,
however, and unlike the rest, an increase in the content of hemicellulose up to 30.35% was produced.
The hemicellulose content is of special interest in the production of cellulose nanofibers through
mechanical treatments acting as a barrier against the aggregation of the fibrillated microfibers. Chaker
et al. determined that a hemicellulose content 25% produces a yield twice as high as that presented
by fibers with 12% hemicellulose content [18]. The lignin content in the cellulosic pulp is high in
comparison with other agri-residues used for lignocellulose nanofiber production [17,19–21]. Lignin
acts as binding agent in the lignocellulosic matrix, promoting integrity and impeding its deconstruction.
Despite its high lignin content, the pulping process may break ether and ester linkages between
lignin and carbohydrates (cellulose and hemicellulose), allowing fiber defibrillation [22]. In addition,
the presence of lignin in the fiber can exert an antioxidation action during nanofibrillation, preventing
the union of links already broken during nanofibrillation treatment [23].
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Figure 1. Chemical composition of horticultural plant residues and cellulosic pulps.

The crystallinity structure of the different cellulose pulps was analyzed by the X-ray diffraction
technique (Figure 2). It is possible to observe two major reflection peaks at 2θ = 16.1◦ and 22.5◦,
corresponding to 110 and 200 typical reflection planes of cellulose I. The crystallinity index shows values
of 31.24%, 44.16%, and 53.21% for eggplant, pepper, and tomato plants, respectively. The crystallinity
index (CI) values shown by the cellulosic pulps are low compared to those shown by purified
cellulose [20]. This is due to the presence of amorphous components, mainly lignin and hemicellulose,
in fiber. These values coincided with the lower values of cellulose in fiber for eggplant and pepper
pulp and, therefore, higher contents of hemicellulose and lignin.
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2.2. Lignocellulose Nanofiber Characterization

In order to investigate the effect of the chemical composition of cellulosic pulps and of the different
pretreatments on the production of lignocellulose nanofibers, the LCNF obtained were characterized in
terms of nanofibrillation yield, cationic demand, carboxyl content, and morphology (Table 1). In general,
it is observed that LCNF obtained by TEMPO-mediated oxidation presents a higher nanofibrillation
yield (49–70%) compared to those obtained by mechanical pretreatment (18–33%). The nanofibrillation
yields of LCNF obtained by mechanical pretreatment are similar to those presented by other cellulose
nanofibers produced by the same process [24–28], however, those obtained by TEMPO-mediated
oxidation show a slightly lower yield than those shown by other authors, which usually exceed
90% [29–31]. This behavior is also observed in the cationic demand where the TEMPO-oxidized
LCNF present considerably higher values of cationic demand. This is mainly due to the greater
specific surface (σLCNF) that these nanofibers present in comparison with those obtained by means of
mechanical pretreatment. This greater specific surface results in a greater exposure of the -OH and
-COOH groups of the surface of the nanofibers, resulting in higher cationic demand. Regarding the
carboxyl content, a slight increase is observed after catalytic oxidation. These values are very low
in comparison with other nanofibers obtained by TEMPO-mediated oxidation that present carboxyl
content values of 600–1000 µmols/g [26,29–31] This is due to the conversion of primary C6 alcohol
groups from the surface of the crystalline regions of the cellulose into carboxyl groups produced during
pretreatment. In this case, the low crystallinity, and the high presence of lignin (which may partially or
totally consume the NaClO used as a catalytic reaction activator), means that this conversion is not as
effective as for bleached pulps.

Regarding the morphology, some differences are observed between the different pretreatments.
The diameters obtained vary significantly between the TEMPO-oxidized LCNF and those obtained by
mechanical pretreatment. On the one hand, the nanofibers obtained by TEMPO-mediated oxidation
show very similar diameter values (12–17 nm) despite the differences shown in the chemical composition.
However, in LCNF obtained by mechanical pretreatment, large differences were observed between the
different raw materials. It is observed that for LCNF obtained mechanically from eggplant residues,
show much smaller diameter than the rest. This is due to their high hemicellulose content, which
acts as a key component in the nanofibrillation process [18]. The namometric size of the LCNF
was confirmed by direct observation by SEM (Figure 3). It is observed how significant differences
exist between the different pretreatments, observing in the case of those obtained mechanically a
large proportion of non-nanofibrillated macro/microfibers, as indicated by their low nanofibrillation
yield compared to TEMPO-oxidized LCNF. Regarding the length of the lignocellulose nanofibers,
a generalized decreased is observed after catalytic oxidation, showing a decrease of 60.07%, 55.94%,
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and 53.60% for the LCNF obtained from eggplant, pepper, and tomato plants. It is produced by
the depolymerization and β-elimination of the cellulose amorphous regions into gluconic acid or
cellulose-derived small fragments [32].

Table 1. Characterization of the different lignocellulose nanofibers.

LCNF
Sample

η

(%)
CD

(µeq/g)
CC

(µmols/g)
σLCNF
(m2/g)

Diameter
(nm)

Length
(nm)

TM-LCNF 17.81 ± 2.59 298.39 ± 48.30 247.35 ± 6.14 24.86 112 5440

PM-LCNF 18.34 ± 3.37 166.46 ± 0.00 148.71 ± 1.66 8.64 278 4317

EM-LCNF 32.61 ± 3.48 248.30± 10.89 127.25 ± 3.99 58.95 42 5132

TT-LCNF 48.77 ± 1.30 707.86 ± 18.54 299.96 ± 48.76 198.65 12 2524

PT-LCNF 69.66 ± 6.11 513.37 ± 37.23 205.81 ± 5.86 148.78 17 1902

ET-LCNF 66.39 ± 1.52 563.38 ± 37.06 186.61 ± 63.78 183.48 14 2049

η: nanofibrillation yield; CD: Cationic demand; CC: Carboxyl content; σLCNF: Specific surface area of LCNF.
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Figure 4 shows the effect of the different pretreatments on the crystallinity of the lignocellulose
nanofibers. In the different patterns crystalline reflection peaks are observed in the planes (110) and
(200) as in the case of the cellulose pulps, indicating that LCNF also presents a crystalline structure
typical of cellulose I. These observations suggest that the crystalline structure of the fiber is maintained
after the different pretreatments and the nanofibrillation treatment. Both pretreatments present similar
values for the different lignocellulose nanofibers (56%–60%), all higher than the initial values shown in
the cellulose pulps. This may be due to the degradation of the amorphous regions by the action of
both pretreatments, maintaining the crystalline regions of cellulose and increasing the crystallinity
index of the samples [32].Molecules 2020, 25, x FOR PEER REVIEW 7 of 17 
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The thermal stability of the cellulose nanofibers is also an important parameter to study their
suitability in their final application. Figure. 5 shows the thermal behavior of the different cellulose
nanofibers. The analysis of the different curves, identifies that the thermal decomposition is carried out
in three zones, indicating the presence of distinct components decomposing at different temperatures.
The first zone (up to 200 ◦C), shows a small decrease in the weight of samples related to the evaporation
and removal of absorbed and bounded water in fiber [33–35]. The second zone (200–400 ◦C) corresponds
to the active pyrolysis of the lignocellulosic components and is where the main degradation of the
samples, including the maximum degradation temperature (Tmax) shown by the DTG curve. In the
third zone (temperature above 400 ◦C) the passive pyrolysis of the lignocellulosic components takes
places, where the low degradation ratio stands out and is identified with the lignin degradation and
any carbonaceous matter decomposition [35,36].

The main peak observed in the DTG analysis (Figure 5b,d) shows the temperature where the
thermal degradation is maximum, known as Tmax. The analysis shows that the cellulose nanofibers
obtained by mechanical pretreatment show very similar values, being these 356.2 ◦C, 355.5 ◦C,
and 357.5 ◦C for eggplant, pepper, and tomato plants. A similar behavior is observed for the
lignocellulose nanofibers obtained by TEMPO-mediated oxidation, where the show a very similar
value, being 308.8 ◦C, 317.8 ◦C, and 306.5 ◦C for eggplant, pepper and tomato, respectively. The lower
stability shown by TEMPO-oxidized nanofibers is due to two main factors: i) The higher specific
surface that results in a larger surface area exposed to heat; and ii) the introduction of carboxyl groups
on the surface that produces a high number of free ends [24].
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Figure 5. TGA and DTG curves of mechanical (a,b) and TEMPO-oxidation (c,d) LCNF.

2.3. Lignocellulose Reinforcement on Recycled Paperboard

The recycling process subjects the fibers to dispersion-drying cycles that reduce the binding
capacity of the fibers, hornification process and, therefore, the mechanical properties shown by the
final products. To correct this decrease, the industry uses different processes in order to increase the
union between fibers, such as mechanical beating and the addition of chemical or virgin fiber [9].
The reinforcement effect on the recycled paperboard suspension of the lignocellulose nanofibers
obtained in this work was compared with the effect produced by mechanical beating in order to
analyze the suitability of the addition of LCNF as an alternative to mechanical beating. Figure 6 shows
the evolution of the mechanical properties (breaking length, Young’s modulus, tear index, and burst
index) of recycled paperboard after the different treatments. In a generalized way, it is observed
how both treatments, mechanical beating and LCNF addition, produce an increase in the mechanical
properties compared to the values obtained from the original recycled fiber (baseline). The mechanical
properties shown by the original recycled fiber were 2726 m for breaking length, 0.73 GPa for the
Young’s modulus, 26.71 Nm/g for the tear index, and 1.42 KN/g for the burst index. A linear increase is
observed as the intensity of the mechanical refining of the amount of LCNF added increases, obtaining
the highest values at the most severe conditions (3000 rev and 4.5% LCNF). The addition of LCNF
produces a similar increase to the mechanical beating in breaking length and tear index parameters,
however, it produces a more pronounced reinforcing effect on the Young’s modulus and burst index.
The differences in the reinforcing effect were analyzed depending on the raw material used to produce
lignocellulose nanofibers. In general terms, it is observed that the addition of LCNF produces a similar
effect regardless of the raw material used. Regarding the pretreatment, it is observed that there are no
major differences in the reinforcing effect between LCNF obtained by mechanical or TEMPO-mediated
oxidation pretreatment. Although all LCNF produce a similar effect, the reinforcement produced by
TEMPO-oxidized nanofibers from eggplant residue (ET) stands out. The addition of 4.5% ET produces
an increase of 30.63%, 53.42% 19.88%, and 62.68%, compared to 16.18%, 11.00%, 16.21%, and 36.62%
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produced by mechanical beating for the breaking length, Young’s modulus, tear index, and burst
index, respectively.
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Figure 6. Evolution of the mechanical properties of recycled paperboard after different treatments.

The increase in Elongation at break was also analyzed (Figure 7). For this parameter, as with
the other mechanical properties, a linear increase is observed as the treatment becomes more severe,
and the reinforcement effect is more effective with the addition of LCNF than with mechanical beating.
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Figure 7. Evolution of the elongation at break of recycled paperboard after different treatments.
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The increase in the mechanical properties due to the different treatments is given by: (i) the
increase in the specific surface area of fibers which facilitate the bonding with adjacent fibers produced
by the mechanical beating, or (ii) the generation of a network embedded between the paperboard
substrate fibers and the LCNF added, increasing the bonding capacity and facilitating the interfiber
bonding [37].

The industrial paperboard presents a breaking length value of 5656 m. Considering that in the
industrial papermaking process formation is produced in an isotropic way, it is necessary to perform a
conversion of the isotropic-anisotropic values to compare them with those obtained in an anisotropic
laboratory papersheet former. For this, the anisotropic ratio of 1.65 is considered, obtaining that the
industrial cardboard shows a breaking length value of 3443 m [38]. According to the data obtained,
under the conditions studied in this work, only the addition of 4.5% ET would reach this value (3561 m),
fully correcting the loss of the mechanical properties during the recycling process. The use of LCNF, in
addition to producing a greater reinforcing effect, would make it possible to increase the recycling
cycles of the same fibers from three to 10 or more [37]. The low number of recycling cycles limit when
using mechanical beating is due to the structural damages caused by the effect of shearing during
the beating. Previous studies have confirmed that the use of this technology can be energy-efficient
depending on the nanofibrillation treatment [38]. This phenomenon also explains the increase in
density compared to untreated recycled paperboard, as well as the decrease in the porosity.

The influence of the different treatments on the evolution of the physical properties was also
analyzed, as shown in Table 2. A decrease in thickness is observed as the severity of the different
treatments increases. This is due to the greater bonding strength between the adjacent fibers, resulting
in greater compaction of the fibrillar network [39]. These observations are more intense in the addition
of LCNF compared to those shown by the mechanical beating treatment. This is due to the fact that in
addition to the higher bonding strength, the nanometric size of the LCNF allowing them to fill the
gaps between the fiber matrix, increasing the density and decreasing the porosity [39].

Table 2. Evolution of the physical properties of recycled paperboard after different treatments.

Treatment Sample Thickness (µm) Density (g/cm3) Porosity (%)

Recycled
paperboard 150.3 ± 2.9 0.36 ± 0.01 75.55 ± 0.79

Mechanical beating
1000 rev 147.8 ± 6.5 0.37 ± 0.01 75.10 ± 1.01
2000 rev 147.2 ± 8.0 0.38 ± 0.02 74.93 ± 1.49
3000 rev 146.8 ± 6.6 0.38 ± 0.01 74.75 ± 0.91

Tomato LCNF

1.5% TM 139.9 ± 4.2 0.39 ± 0.01 73.72 ± 0.93
3% TM 136.6 ± 3.8 0.40 ± 0.02 73.06 ± 1.61

4.5% TM 134.9 ± 2.7 0.41 ± 0.02 72.72 ± 1.38

1.5% TT 142.4 ± 5.4 0.39 ± 0.01 74.53 ± 0.57
3% TT 142.6 ± 1.9 0.39 ± 0.03 74.23 ± 0.74

4.5% TT 138.4 ± 4.3 0.40 ± 0.02 73.38 ± 1.63

Pepper LCNF

1.5% PM 136.0 ± 4.9 0.40 ± 0.01 72.94 ± 1.34
3% PM 134.2 ± 7.6 0.41 ± 0.02 72.82 ± 0.69

4.5% PM 133.1 ± 5.6 0.41 ± 0.02 72.78 ± 0.72

1.5% PT 147.5 ± 3.0 0.38 ± 0.02 75.08 ± 1.42
3% PT 147.8 ± 2.1 0.38 ± 0.03 74.86 ± 1.06

4.5% PT 147.4 ± 5.3 0.39 ± 0.01 74.04 ± 0.36

Eggplant LCNF

1.5% EM 146.0 ± 3.9 0.38 ± 0.01 74.91 ± 0.78
3% EM 145.3 ± 4.5 0.39 ± 0.02 74.00 ± 1.83

4.5% EM 138.7 ± 9.2 0.40 ± 0.02 73.43 ± 1.54

1.5% ET 143.7 ± 8.1 0.38 ± 0.01 74.94 ± 0.83
3% ET 146.7 ± 4.4 0.38 ± 0.02 74.51 ± 1.23

4.5% ET 144.5 ± 6.1 0.39 ± 0.01 74.37 ± 0.66
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Figure 8 Shows the evolution of the drainage properties of the paperboard slurries after the addition
of the different LCNF. As expected, the addition of lignocellulose nanofibers, due to their specific
surface area and their hydrophilic nature, results in a high water-holding capacity, thus increasing
the viscosity of the suspension and decreasing the drainage capacity of the slurries. The mechanical
beating treatment, due to the large generation of fines during the process, also produces a decrease in
the drainage capacity showing a drainage degree of 47◦SR, 49◦SR, and 54◦SR for 1000 rev, 2000 rev,
and 3000 rev, respectively. These values are lower compared to those obtained by the addition of LCNF;
however, this property is not a key parameter when evaluating the suitability of this technology for
use in the recycling paperboard industry since this property can be corrected by the combination of
nanofibers and electrolytes [40].
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3. Materials and Methods

3.1. Materials

The greenhouse residues of tomato (Solanum lycopersicum), pepper (Capsicum annuum),
and eggplant (Solanum melongena) were used in this work, which corresponded to the entire plants being
completely uprooted from the ground (this allows for planting seeds for a new crop), after harvesting
the fruits. These greenhouse residues were provided by Aguadulce Cooperative from Aguadulce,
Almería (Spain). First, vegetable materials were cleaned and dried at room temperature. Then, they
were cut into pieces of 0.1–1 cm and stored in plastic bags for preservation until use. As the paperboard
substrate, a suspension of cellulose fiber from recycled paper and cardboard was used. This was
not subjected to any mechanical refining, or the addition of chemicals or virgin fiber cellulose. This
suspension was kindly supplied by the firm Smurfit Kappa Container 100 S.L. (Mengíbar, Jaén, Spain).

3.2. Soda Pulping

The soda pulping process is carried out to make the cellulose fiber more accessible for the
pretreatments performed, also to improve the efficiency of the nanofibrillation process. The raw
materials were pulped, according to proper conditions of Specel® process, in a 15 L batch reactor
(Metrotec S.A., Lezo, Spain) with 7% NaOH over dried material (o.d.m) at 100 ◦C for 150 min and a
liquid/solid ratio 10/1. The cellulosic pulp was dispersed in a pulp disintegrator (Metrotec S.A., Lezo,
Spain) at 1200 rpm for 30 min, and this disintegrated pulp was passed through a Sprout-Bauer beater
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(Combustion Engineering, Vienna, Austria). The pulp suspension was separated by sieving through a
0.14 mm mesh to retain uncooked material [17,41]

3.3. Pulp Characterization

The chemical characterization of raw materials and cellulosic pulps was done in terms of their
content in ethanol extractables, ash, holocellulose, lignin, and α-cellulose, according to TAPPI standards
T-204, T-211, T-222, T-203os61, and T-9m54, respectively. In addition, the pulping yield was calculated
according to Equation (1):

Yield (%) =
W1

W0
·100 (1)

where W1 corresponds to the dry weight of the samples after removing the uncooked material and W0

corresponds to the initial dry weight of raw materials.

3.4. Lignocellulose Nanofibers (LCNF) Production

Lignocellulose nanofibers were produced from the obtained cellulosic pulp by using two
different pretreatments: mechanical and TEMPO-mediated oxidation, followed by high-pressure
homogenization treatment.

3.4.1. Mechanical Pretreatment

The cellulosic pulp was refined in PFI beater (Metrotec S.A., Lezo, Spain), according to ISO
5264-2:2002, until obtaining the drainage degree (◦SR) closest to 90◦. For all samples, 30,000 revolutions
were required to obtain the above ◦SR value.

3.4.2. TEMPO-Mediated Oxidation Pretreatment

The cellulosic fibers were subjected to TEMPO-mediated oxidation pretreatment following the
methodology described by Besbes et al. [42]. An amount of NaClO suspension (equivalent at 5 mmols/g
cellulose) was added with continuous stirring at room temperature. Then, the pH value was maintained
at 10.2 with the addition of 0.5 M NaOH until no pH decrease was observed. Finally, the fibers were
filtered and washed several times with distilled water.

3.4.3. High-Pressure Homogenization

Both pretreated fibers suspensions (1% concentration) were passed through a high-pressure
homogenizer Panda GEA 2K (GEA Niro, Parma, Italy) as nanofibrillation treatment. The high-pressure
homogenization was made through 10 cycles (four cycles at 300 bar, three cycles at 600 bar, and three
cycles at 900 bar) [24]. This increasing pressure avoids problems of clogging in the equipment because
of the initial fiber size. Table 3 shows the codification used for the different samples.

Table 3. Codification of the different lignocellulose nanofibers.

Raw Material Pretreatment Treatment Codification

Tomato
Mechanical

High-pressure
homogenization

TM-LCNF
TEMPO-mediated oxidation TT-LCNF

Pepper Mechanical PM-LCNF
TEMPO-mediated oxidation PT-LCNF

Eggplant Mechanical EM-LCNF
TEMPO-mediated oxidation ET-LCNF
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3.5. LCNF Characterization

To determine the nanofibrillation yield, a 0.1% LCNF suspension was centrifuged at 10,000 rpm
for 12 min. The precipitated fraction or non-nanofibrillar material was separated from the nanofibrillar
material, and it was dried at 100 ◦C for 24 h [42].

The cationic demand (CD) was determined through the adaptation of the methodology followed
by Carrasco et al. [43]. First, 0.20 dried grams of LCNF were diluted in distilled water until 200 g.
When the suspension was homogenized, 10 mL of this solution was mixed with 25 mL of a cationic
polymer (poly-DADMAC). The suspension was centrifuged at 4000 rpm for 90 min. Then, 10 mL
of supernatant was introduced to a Mütek PCD 05 particle charge detector and back-titrated with
the anionic polymer (PesNa) until the detector indicated zero conductivity. The CD was determinate
according to Equation (2):

CD =
(CpolyD. VpolyD). (CPesNa. VPesNa)

m
(2)

where CpolyD and VpolyD correspond to Poly-DADMAC concentration and volume, respectively; CPesNa

and VPesNa correspond to PesNa concentration and volume, respectively; and m is the weight of the
dried product (g).

According to the methodology of Besbes et al. [42], the carboxyl content (CC) was determined by
conductometric titration. First, 50–100 mg of dry fiber was suspended in 15 mL of HCl (0.01 M) to
exchange the Na+ cations attached to COOH groups by H+ ions. Then, the suspensions were titrated
with NaOH (0.01 M), adding 0.1 mL of NaOH to the sample suspensions and recording the conductivity,
observing a reduction, stabilization and increase in the conductivity. The CC was determined according
to the Equation (3):

CC =
(V2 −V1)·[NaOH]

m
(3)

where V2 and V1 are the equivalent volumes of added NaOH solution; [NaOH] corresponds to NaOH
solution concentration and m stands for the weight of the dried product (g).

Considering the assumptions and methodology described by Carrasco et al. [44], the obtained
values of the cationic demand and carboxyl content were used for the theoretical estimation of the
specific surface (σLCNF) and diameter of the LCNF.

The cationic polymer (Poly-DADMAC) used for the cationic demand determination interacts with
cellulose fibers through surface adsorption mechanisms. The Poly-DADMAC has a specific area of
4.87 × 1017 nm2/µeq·g; based on this value, the specific surfaces of the LCNF obtained were calculated
according to Equation (4) [39]:

σLCNF = (CD−CC)·σPoly−DADMAC (4)

where σLCNF is the specific surface of LCNF (nm2/g); CD is the cationic demand (µeq/g); CC is the carboxyl
rate (µmols/g); and σPoly-DADMAC corresponds to the specific surface of this cationic polymer (nm2/µeq).

Assuming the cylindrical geometry of the LCNF, the value of the specific surface was used to
determine its diameter.

All measurements were made in triplicate and mean, and standard deviations were calculated.

3.6. Polymerization Degree and Length

The intrinsic viscosity (η) was obtained according to UNE-57-039-92 and used for the calculation
of the degree of polymerization. The degree of polymerization (DP) was calculated using Equations (5)
and Equation (6) [45]:

DP (< 950) : DP =
ηs

0.42
(5)
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DP(> 950) : DP0.76 =
ηs

2.28
(6)

The length of the nanofibers was calculated from the polymerization degree (DP) using the
Equation (7) proposed by Shinoda et al. [46]:

Length (nm) = 4.286·DP− 757 (7)

3.7. Spectroscopy Analysis

Fourier transform infrared spectroscopy (FTIR) analysis was applied to determine possible
changes in the structure, chemical composition, and functional groups during LCNF isolation processes.
A Spectrum Two FT-IR Spectrometer (Perkin-Elmer, Massachusetts, USA) was used in the range of
450–4000 cm−1 with a resolution of 4 cm−1, collecting a total of 40 scans per sample.

3.8. X-ray Diffraction (XRD) Analysis

XRD was used to study the crystal structures of the cellulosic pulps and LCNF. This analysis
was performed using a Bruker D8 Discover (Bruker Corporation, Massachusetts, USA) with a
monochromatic source CuKα1 over an angular range of 5–50◦ at a scan speed of 1.56◦/min. The Segal
method was used to calculate the crystallinity index (CI)(Equation (8)) [47]:

CI(%) =

(
I200 − Iam

I200

)
·100 (8)

where I200 is the diffraction peak intensity at 2θ = 22.5◦ of the crystalline cellulose regions, and Iam,
is the intensity minimum between two diffraction peaks (2θ = 16.5◦ and 22.5◦) of the amorphous
cellulose region.

3.9. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of the
LCNF. The derivate thermogravimetric (DTG) was used to analyze the maximum degradation rate
(Tmax). The analysis was carried out using a Mettler Toledo TGA/DSC 1 (Mettler Toledo, Ohio, USA).
The samples were taken from room temperature to 800 ◦C with a heating rate of 10 ◦C/min and a
50 mL/min nitrogen gas flow rate.

3.10. Reinforcement of Industrial Pulp

LCNF was used as a reinforcing agent on a paperboard industrial pulp (Smurfit Kappa) and
compared its effect with that produced by mechanical beating. The industrial cellulose pulp was
submitted at different mechanical refining intensities (1000 rev, 2000 rev, and 3000 rev). Lignocellulose
nanofibers (mechanical and TEMPO) of tomato, pepper, and eggplant were added at 1.5%, 3%, and 4.5%
(o.d.m.) to the industrial cellulose suspension. The process started disintegrating 30 g dry weight pulp
for 30 min. Then, LCNF was added in the established proportion and disintegrated for 1 h. After that,
0.5% (w/w) cationic starch (Vector SC 20157) and 0.8% (w/w) colloidal silica (LUDOX® HS-40) were
added to improve the retention of LCNF by improving the bonding of the fibers, based on the dry
weight of the pulp and LCNF and kept in constant mechanical agitation. The papersheet formation
was carried out in a sheet former ENJO-F-39.71 (Metrotec S.A., Lezo, Spain) according to TAPPI
T205ps-95. Before the mechanical testing, the papersheets were conditioned at 25 ◦C and 50% relative
humidity for 48 h. The mechanical characterization was performed using an Instron universal testing
machine (Lloyd Instruments, Bognor Regis, United Kingdom) provided with 1 kN load cell, in terms
of breaking length and tensile index, elongation, Burst index, and tear index, according to TAPPI
standard (T-494-om96, T-494, T-403-om97 and T-414-om98, respectively). The physical properties of the
papersheets were analyzed for their thickness, density, and porosity. The thickness was determined
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according to the standard ISO 534. The density was calculated from the weight of the sheets and their
dimensions. The porosity of the sheets was calculated using Equation (9):

Porosity (%) = 100·
(
1− ρsample

ρcellulose

)
(9)

where ρsample is the density of the sheet, and ρcellulose is the density of cellulose, assumed as 1.5 g/cm3.

4. Conclusions

Horticultural plant residues, as lignocellulosic source for the isolation of lignocellulose nanofibres,
were analyzed. The cellulosic pulps obtained were subjected to two different pretreatments,
mechanical and TEMPO-mediated oxidation, and a subsequent high-pressure homogenization process
for lignocellulose nanofiber isolation. The different LCNF were added as a reinforcing agent on
recycled paperboard and compared with the improvement produced by industrial mechanical beating.
The addition of 4.5% TEMPO-oxidized LCNF from eggplant residues produces the greater increase
in comparison with the other LCNF. It produces an increase of 30.63%, 53.42%, 19.88%, and 62.68%,
compared to 16.18%, 11.00%, 16.21%, and 36.62% produced by mechanical beating for breaking length,
Young’s modulus, tear index, and burst index, respectively. The use of LCNF produces a decrease in
the papersheet thickness and porosity, and an increase in the density. This is due to the greater bonding
strength between the adjacent fibers and the gap filling resulting in greater compaction of the fiber
matrix. The use of LCNF in the paperboard recycling process as an alternative to mechanical beating
produces a greater reinforcing effect and would make it possible to increase the recycling cycles of
same fibers from three to 10 or more.
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Abstract: The aim of the research was to investigate the effect of biogas plant waste on the physiological
activity, growth, and yield of Jerusalem artichoke and the energetic usefulness of the biomass obtained
in this way after the torrefaction process. The use of waste from corn grain biodigestion to methane
as a biofertilizer, used alone or supplemented with Apol-humus and Stymjod, caused increased the
physiological activity, growth, and yield of Jerusalem artichoke plants and can limit the application
of chemical fertilizers, whose production and use in agriculture is harmful for the environment.
The experiment, using different equipment, exhibited the high potential of Jerusalem artichoke
fertilized by the methods elaborated as a carbonized solid biofuel after the torrefaction process.
The use of a special design of the batch reactor using nitrogen, Thermogravimetric analysis, Differential
thermal analysis, and Fourier-transform infrared spectroscopy and combustion of Jerusalem artichoke
using TG-MS showed a thermo-chemical conversion mass loss on a level of 30% with energy loss
(torgas) on a level of 10%. Compared to research results on other energy crops and straw biomass,
the isothermal temperature of 245 ◦C during torrefaction for the carbonized solid biofuel of Jerusalem
artichoke biomass fertilized with biogas plant waste is relativlely low. An SEM-EDS analysis of ash
from carbonized Jerusalem artichoke after torrefaction was performed after its combustion.

Keywords: torrefaction; Jerusalem artichoke; biofuel; energy crops; agiculture

1. Introduction

One of the greatest global problems is increasing energy consumption, which, in the face of the
need to limit the use of fossil fuels, forces the development of crops that will produce the maximum
yield of biomass, which could be converted into energy fuel using modern technologies [1]. For this
reason, research is necessary to select plants having a high potential of biomass and energy yield on
poor soils and to develop plant cultivation technologies that, in addition to high biomass yield and
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energy efficiency, will be conducive to the environment by reducing the use of chemistry in agricultural
production and will strengthen energy security [2].

Compared to other renewable energy sources, biomass provides continuous electricity generation,
and is the only widespread source of renewable heat. Biomass co-firing and biomass combustion will
contribute to the reduction of CO2 and SO2 emissions, support sustainable development, and increase
energy security and regeneration of rural areas, due to the increase of forestry and agricultural activity
and the provision of heat and electrical energy production. To increases the biomass share up to a
30% or even 40% caloric value, the biomass particles must be milled down to sizes where high caloric
values can be expected. There are many different biomass pre-treatment methods that can be used to
convert it into more coal-like matter. There are a number of barriers to overcome in order to expand
the exploitation of biomass for heat and eleclricity production. One of them concerns the limitations
connected to biomass fuel characteristics [3–5].

When coal is compared with wood biomass, which are both still the dominant solid fuels in heat
and electricity production in Poland, the inferior properties of biomass are often revealed. Wood
biomass fuel has in most cases a high moisture content, resulting in storage complications, such as
self-heating and biological degradation, and lower energy densities. It is also a bulkier fuel (with poorer
transportation and handling characteristics), and it is more tenacious (the fibrous nature of biomass
makes it difficult to reduce it to small homogeneous particles). The biomass properties mentioned above
have negative impacts during energy thermal conversion, such as gasification and lower combustion
and co-firing efficiencies [6].

Among the methodologies that can be applied to improve the properties of plant biomass
and make it a more coal-like material, torrefaction (biomass carbonization) seems to provide many
advantages. Carbonization, or torrefaction, is a thermal degradation of biomass structures, which occurs
by heating them without air contact under atmospheric pressure. It removes low-weight organic
volatile components and moisture as well as depolymerizes the long polysaccharide chains of biomass.
This kind of process of wood carbonization is quite a complex research subject due to the fact that
wood contains different fractions. Wood cells are built from microfibrils, bundles of cellulose molecules
‘coated’ with hemicellulose. Another component of wood biomass is lignin, which is deposited between
microfibrils and in some types of biomass in the amorphous regions of the microfibril. All of those
three fractions exhibit different thermal behavior [7]. The product of torrefaction is a hydrophobic solid
fuel with greatly increased grindability and energy density (on a mass basis). More importantly, the
energy requirement for processing the torrefied biomass decreases and it no longer requires additional
separate handling facilities when we co-combust new fuel with coal in operating power plants. It is
suggested that torrefied biomass can be compacted into high-grade pellets with substantially superior
fuel properties compared with standard wood pellets from un-treated biomass. The carbonization
process can be combined together with the drying and pelletization process, with both energy end
economical benefits. The biomass torrefaction process has proved suitable for feedstock for flow
gasification, which has not been considered feasible before for raw biomass. This is due to the fact that
carbonized biomass forms more solid fuel spherical-shaped particles during milling or grinding than
raw biomass. To produce high caloric value carbonized solid biofuel, which will have a reasonable
price (lower torrefaction process costs can be achieved by using superheated steam), with better
physical-chemical properties before thermo-chemical conversion, such as a hydrophobic nature, low
moisture content, and better grindability, several process conditions have to be optimal. These include
a 30% loss of the mass and 10% loss in energy in volatile matter plus a low as possible temperature and
residential time in the reactor, which can ensure successful sale on the Polish and European market.

Important parameters in the choice of highly efficient plant species for energy and torrefaction
purposes comprise their physiological properties, decisive for high biomass yield and the amount of
energy obtained. Jerusalem artichoke (Helianthus tuberosus L.) meets these requirements and it is well
adapted to the conditions of central Europe. The biomass of this species is an important raw material
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for the production of bioethanol, for burning to obtain heat energy, and is widely used in the feed,
food, and medical industries [8–10].

A serious problem in the production of energy plants is the excessive use of artificial fertilizers and
pesticides, which pollute the environment. There is a resulting need to decrease their volume without
reducing the yield potential. Replacement of chemical fertilization by natural fertilizers, including
waste from biogas plants, seems to be one of the ways to address this problem. Due to the fact that
this waste contains the majority of nutrients necessary for plant growth, it seems that their use in
agriculture can support soil fertilization. At the same time, this solves the problem of utilization and
storage, which is dangerous for the environment. The problem is, however, that the fertilizing value of
this waste and its impact on plant physiological activity depends on the type of biodegradable biomass,
which requires separate research into the methods of its application and management. These difficulties
become serious because biogas plants turn out to be a fast developing branch of energy production
and they use of different raw materials. Alburquerque et al. [11], Jasiulewicz and Janiszewska [12],
and Łagocka et al. [13] indicated that, given the environmental risks and benefits, the use of this waste
in agriculture is most rational, provided that methods for its use are developed. The limitation of
environmentally harmful synthetic fertilization by the use of biogas plant waste seems to be very
important, as has been similarly demonstrated in the case of microalgae and water plants from the
family Lemnaceae, which applied to medium enabled a reduction of the recommended artificial fertilizer
doses [14–17]. The use of waste from biogas plants for fertilizing purposes is part of the strategy of
the circulating production of energy plants in which waste becomes a raw material in the next crop
cycle. Another unknown problem is the usefulness of the biomass energy produced from the waste
of a biogas plant and the possibility of its torrefaction for energy purposes. The world literature
available on these issues, especially concerning agricultural management of waste from the corn grain
biodigestion to the methane process together with preparations stimulating growth, their influence on
physiological processes that regulate plant energy properties, and the development of torrefaction
technologies converting such produced biomass into energy fuel, is hard to find. In the majority of
cases, it refers to the waste produced by specific biogas plants and to the raw materials used there [18].
Additionally, the possibilities of torrefaction of the biomass produced on this waste, as well as its
energy properties so far are not known.

The purpose of this work was to describe the impact of waste from the corn grain biodigestion to
methane process, used as biofertiliser either separately or together with Apol-humus and Stymjod,
on the growth, yield, and physiological properties of Jerusalem artichoke biomass and the possibility
of converting it into valuable energy fuel using the torrefaction processes.

2. Results

The waste from the corn grain biodigestion to methane process had a beneficial influence on the
growth biomass yield and physiological activity of Jerusalem artichoke. All quantities of applied waste
accelerated the Jerusalem artichoke growth and biomass yield, with 30–40 m3 ha−1 being the most
favorable for plant development. The positive impact of this natural fertilizer on growth was enhanced
by the additional application of Apol-humus to soil (10 L ha−1) and, furthermore, to a higher degree by
supplementary double plant spraying with Stymjod (5 L ha−1) (Figures 1 and 2).

Biogas plant waste, applied alone or supplemented with Apol-hymus and Stymjod, increased
the activity of acid and alkaline phosphorylases, RNase, and dehydrogenases. The activities of these
enzymes were closely related to the increasing doses of fertilizers (Table 1).
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Figure 1. Kinetics of the growth (a) and final height of Jerusalem artichoke plants (b) cultivated in
a field and fertilized with liquid, non-centrifuged waste from corn grain digestion to methane (E10,
40 m3 ha−1), Apol-humus (AH; 10 L ha−1), and Stymjod (S; 5 L ha−1). The data marked with the same
letters are not significantly different, according to the Newman–Keuls multiple range test at an alpha
level of 0.05. The data presented are the average over the years and 10 plants in each repetition of a
particular experimental variant.
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Figure 2. Fresh (a) and dry biomass (b) of one Jerusalem artichoke plant cultivated in a field and
fertilized with liquid non-centrifuged waste from corn grain digestion to methane (E10, 40 m3 ha−1),
Apol-humus (AH; 10 L ha−1), and Stymjod (S; 5 L ha−1). The data marked with the same letters are
not significantly different, according to the Newman–Keuls multiple range test at an alpha level of
0.05. The data presented are the average over the years and five plants in each repetition of a particular
experimental variant.

The established correlations between the favorable changes in plant growth and biomass yield
and the fertilizer doses studied were also confirmed by the proportionally increased activity of gas
exchange and the index of the chlorophyll content in leaves. The growing doses of waste, used
alone or supplemented with Apol-humus and Stymjod, also increased the index of the chlorophyll
content, net photosynthesis, transpiration, and stomatal conductance, and decreased intercellular
CO2 concentration, inversely proportional to the above-mentioned three parameters of gas exchange.
These relationships between the doses used of waste and parameters of gas exchange and the index of
the chlorophyll content were similar to those observed between the amount of the fertilizers used and
the plant growth and biomass yield (Figures 1–4).
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Table 1. Activities of the selected enzymes in leaves of Jerusalem artichoke plants grown in a field and
fertilized with liquid non-centrifuged waste from corn grain digestion to methane (E10, 40 m3 ha−1),
Apol-humus (AH; 10 L ha−1), and Stymjod (S; 5 L ha−1).

Waste Doses and
Biopreparations
Applied to Soil

Phosphorylases
RNase

[U g−1 f.w.]
Total Dehydrogenases

[mg Formazan g Leaf−1](pH = 6.0)
[U g−1 f.w.]

(pH = 7.5)
[U g−1 f.w.]

Control 0.60 a 0.26 a 2.6 a 0.50 a
AH 0.63 b 0.28 b 2.8 b 0.52 b

S 0.66 c 0.31 c 3.2 c 0.66 c
E10 0.63 b 0.28 b 2.9 b 0.52 b
E20 0.67 c 0.31 c 3.3 c 0.66 c
E30 0.71 de 0.33 de 3.6 de 0.69 d
E40 0.73 e 0.34 e 3.7 e 0.72 e

E40 + AH 0.77 f 0.39 f 4.2 f 0.76 f
E40 + AH + S 0.81 g 0.42 g 4.4 g 0.79 g

LSD0.05 0.02 0.01 0.1 0.15

The data marked with the same letters within a column are not significantly different, according to a Newman–Keuls
multiple range test at an alpha level of 0.05. The data presented are the average over the years and 10 plants in each
repetition of a particular experimental variant.
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letters are not significantly different, according to a Newman–Keuls multiple range test at an alpha 
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Figure 3. Gas exchange in the leaves of Jerusalem artichoke plants (Net photosynthesis (a),
Transpiration (b), Stomatal conductance (c), Concentration of intercellular CO2 (d)) cultivated in
a field and fertilized with liquid non-centrifuged waste from corn grain digestion to methane (E10,
40 m3 ha−1), Apol-humus (AH; 10 L ha−1), and Stymjod (S; 5 L ha−1). The data marked with the same
letters are not significantly different, according to a Newman–Keuls multiple range test at an alpha
level of 0.05. The data presented are the average over the years and 10 plants in each repetition of a
particular experimental variant.

181



Molecules 2020, 25, 3862

Molecules 2020, 25, x 6 of 21 

 

a

b

c

b

c
d

e
f

g

150

200

250

300

350

400

450

G
s
(m

m
o
l 
H

2
O

-1
M

-2
s

-1
)

Treatments

Stomatal conductance 

LSD0.05=10.1

 

g
f

e
f e

d
c

b
a

250

300

350

400

450

500

C
i(
µ

m
o

l C
O

2
a

ir
 m

o
l-1

Treatments

Concentration of intercellular CO2

LSD0.05=10.2

 
(c) (d) 

Figure 3. Gas exchange in the leaves of Jerusalem artichoke plants (Net photosynthesis (a), 

Transpiration (b), Stomatal conductance (c), Concentration of intercellular CO2 (d)) cultivated in a 

field and fertilized with liquid non-centrifuged waste from corn grain digestion to methane (E10, 40 

m3 ha−1), Apol-humus (AH; 10 L ha−1), and Stymjod (S; 5 L ha−1). The data marked with the same 

letters are not significantly different, according to a Newman–Keuls multiple range test at an alpha 

level of 0.05. The data presented are the average over the years and 10 plants in each repetition of a 

particular experimental variant. 

a

b
c

b
c

d
e

f
g

20

22

24

26

28

30

32

34

36

S
P

A
D

Treatments

Index of chlorophyll content 

LSD0.05=0.4

 

Figure 4. Index of the chlorophyll content in leaves of the Jerusalem artichoke plants cultivated in a 

field and fertilized with liquid non-centrifuged waste from corn grain digestion to methane (E10, 40 

m3 ha−1), Apol-humus (AH; 10 L ha−1), and Stymjod (S; 5 L ha−1). The data marked with the same 

letters are not significantly different, according to a Newman–Keuls multiple range test at an alpha 

level of 0.05. The data presented are the average over the years and 10 plants in each repetition of a 

particular experimental variant. 

Figure 4. Index of the chlorophyll content in leaves of the Jerusalem artichoke plants cultivated in
a field and fertilized with liquid non-centrifuged waste from corn grain digestion to methane (E10,
40 m3 ha−1), Apol-humus (AH; 10 L ha−1), and Stymjod (S; 5 L ha−1). The data marked with the same
letters are not significantly different, according to a Newman–Keuls multiple range test at an alpha
level of 0.05. The data presented are the average over the years and 10 plants in each repetition of a
particular experimental variant.

The use of biogas plant waste slightly increased the heat of combustion in the analytical state and
calorific value in the working state and decreased the ash content in the plants. Table 2 presents the
results of the main experiment using a batch reactor for conducting a Jerusalem artichoke torrefaction
process in a nitrogen atmosphere. The most important observation is that under 245 ◦C and a residential
time of 13 min, the mass reduction was the closest one of all experimental results to 30%, which is due
to the large amount of literature on the most optimal ratio.

Table 2. Experimental research results of the Jerusalem artichoke torrefaction process in nitrogen using
a batch reactor.

Sample Number Mass Reduction,g Mass Loss,% Residential Time, min Torrefaction Temp., ◦C
1 20/14, 64 26, 80 12 251, 17
2 20/14, 38 28, 10 13 245, 17
3 20/13, 47 32, 65 14 247, 90
4 20/14, 50 27, 50 13 242, 17
5 20/14, 21 28, 95 14 243, 45
6 20/12, 51 37, 45 17 254, 06
7 20/15, 26 23, 70 10 241, 64

In Table 3, the results of a proximate analysis of Jerusalem artichoke before and after the
thermo-chemical conversion process are presented. It is quite clear that the C% (weight) in the biomass
thermo-chemical process of bio-products increases in tandem with an enhancement in the Jerusalem
artichoke torrefaction process temperature. This was contrary to the weight percentages of CaH and O,
which showed a decreasing trend. From the above mechanism, it is clear that dehydration takes place
as well as de-carbonization during the Jerusalem artichoke torrefaction process. This clearly shows
that the emission of CO2, CO, or H2O will result in a decrease in the H and O contents of torrefied
biomass. The rising % of the C content was only due to a decrease in the O content.

An FTiR analysis during the thermogravimetric analysis of the Jerusalem artichoke torrefaction
process under 245 ◦C for the production of carbonized solid biofuel shows what kind of volatile matter
components are produced, so-called torgas: H2O, CO, CO2, CH4, and C2 (Figures 5 and 6).
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Table 3. Elemental analysis and technical analysis of Jerusalem artichoke before and after the
torrefaction process.

Energy Crop Moisture(%) C ad,
(%)

N ad,
(%)

H ad,
(%)

S ad,
(%)

Cl,
(%)

Volatile ad

(%)
Ash
(%)

High Heating
Value, (MJ/kg)

Jerusalem
artichoke 5.3 48.5 0.27 6.20 0.05 0.115 91.29 2.3 15.82

Torrefied
Jerusalem
artichoke:

(243, 45 ◦C,
14 min) 2.8 54.37 0.19 5.37 0.05 0.014 73.37 3.94 21.70

(245, 17 ◦C,
13 min) 2.7 55.04 0.19 5.34 0.05 0.014 72.81 3.84 22.12

(242, 17 ◦C,
13 min) 2.8 54.79 0.19 5.39 0.05 0.014 72.27 3.71 22.09

ad Add dry basis.Molecules 2020, 25, x FOR PEER REVIEW 7 of 23 
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Figures 7–10 presents the thermogravimetric analysis of the combustion process of torrefied
Jerusalem artichoke and TG-MS analysis, which shows what kind of component occurs during
combustion. The colored lines represent what kind of volatile components are formulated during the
combustion process: H2O, CO2, NO, SO2, NO2, formaldehyde, and C.Molecules 2020, 25, x 9 of 21 
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Figure 10. TGA-MS analysis of the torrefied Jerusalem artichoke combustion process.

An elemental analysis shows that during the TG-MS analysis of the torrefaction process of
Jerusalem artichoke under 245 ◦C in torgas, there is 0.1% of CH4, 0.05% of C2, 81.2% of CO2, and
18.6% of CO (Figure 8). Figure 9 represents the mass and energy balance of the Jerusalem artichoke
torrefaction process using a batch reactor and in an inert atmosphere of nitrogen. It was calculated
that 266.76 (±0.420) kJ is the external energy, which is neccessery to produce carbonized solid biofuel
(with a 30% mass loss and 10% energy loss) from Jerusalem artichoke. The novelty of this research is
based on the fact that there is a lack of publications describing the use of Jerusalem artichoke growing in
Poland on low-class soils with the addition of wastes and biofertilizers as a feedstock for the torrefaction
process with a focus on the torrefaction process’s optimal parameters for biofuel production and physical
and chemical analysis of torrefied biofuels and uses ashes as carriers of C for biofertilisers (Table 4).
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Table 4. Content of elements in the ash from untreated Jerusalem artichoke and torrefied Jerusalem
artichoke burnt biomass.

Assessed Material
C O K Ca Mg Fe Si P S Cl Dry Mass

[Atomic, %] [%]

Ash composition from
torrefied Jerusalem

artichoke
(average values)

21.75 46.82 23.01 2.63 0.81 0.02 0.34 3.02 0.19 1.41 100.00

Standard deviation, σ 3.00 2.18 2.83 0.51 0.30 0.00 0.10 0.60 0.05 0.40 - *
Ash composition from
untreated Jerusalem

artichoke
(average values)

31.53 36.05 20.09 2.22 0.98 0.11 0.46 1.16 0.19 3.13 100.00

Standard deviation, σ
3.32 4.00 3.88 0.72 0.27 0.01 0.42 0.62 0.05 1.19 - *

* The values of standard deviations do not add up.

Torrefaction is a thermal pre-treatment step for biomass co-firing or biofuel combustion purposes,
which takes place in a relatively low temperature range of 225–350 ◦C to produce a fuel with a bigger
energy density mainly by the decomposition of hemicellulose fractions (Figure 11).
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3. Discussion

Jerusalem artichoke is a very realistic high production potential energy plant that can be used
to produce large amounts of biomass (aerial part) and biofuels (using tubers). The amount of yield
depends primarily on the plant genotype and soil fertility. Biomass yield can even reach 110 t ha−1,
including green mass of 75.6 t ha−1, and tubers of 32.4 t ha−1. The raw material for energy purposes
can be tubers that can be used for the production of ethanol or biogas and above-ground parts used for
biogas fabrication, burning, or for fuel briquettes and pellets. This plant grows well and produces large
amounts of biomass in a wide range of conditions, including moderately compact, well-ventilated,
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nutrient-rich, and sufficiently moist soils. It can also be cultivated in worse positions for energy needs,
especially if it is fertilized with biogas plant waste, as the research presented demonstrates [9].

The main goal of the research was to examine mechanisms controlling the torrefaction process,
to determine selected torrefaction parameters of Jerusalem artichoke growing in low-class soils, and to
determine the impact of the torrefaction process on the Jerusalem artichoke co-firing with coal process,
including the level of pollution reduction. The main thesis of the research is the assumption that
the torrefaction process causes an increase in the calorific value of carbonized Jerusalem artichoke,
positively affects the improvement fuel values during carbonization, and favorably affects the process of
co-firing torrefied biomass with coal, thus limiting a number of operational problems arising as a result
of co-firing biomass with hard coal. This research is becoming important as it is commonly estimated
that in 2050, about 75% of energy will come from renewable energy sources [19]. Therefore, it is
necessary to undertake intensive actions to develop technology for sustainable energy crop production,
its conversion into useful biofuel, and to limit the use of synthetic fertilizers, as their production
and use in agriculture are energy intensive and cause pollution of the environment. The research
performed showed that fertilization with the waste from corn grain biodigestion to methane in a dose
of 10–40 m3 ha−1 of Apol-humus and Stymjod increased plant growth, biomass yield, gas exchange,
enzymatic activity, and energy value of Jerusalem artichoke biomass proportionally to the fertilizer
doses, as was shown in several labour-intensive tests. The correlations found were observed in all
tests performed on physiological activity and they were similar regardless of the fact that these plants
were cultivated for three subsequent years in podzolic soil. This indicates the proper selection of the
plant assessment used tests to show the response of plants to the applied treatments and the possibility
of obtaining positive effects from the developed methods of fertilization with waste irrespective
of the climatic conditions. The tests implemented also explain the correlation between particular
physiological events and their role in regulating growth and yield [20,21]. The changes observed in the
kinetics of Jerusalem artichoke growth, biomass yield, gas exchange, and enzyme activity in relation to
the fertilization methods demonstrated the positive impact of all used non-centrifuged waste doses,
with 30–40 m3 ha−1 being the most favorable for plant growth and physiological activity [19].

The results obtained show that the amounts of nutrients contained in the waste used could
influence the photochemical processes of photosynthesis, as was also demonstrated by Kalaji et al. [22]
in corn and tomato. They showed that photosynthetic system activity, measured by chlorophyll
fluorescence, is related to the nutrient content in plants. The research presented showed also that
the increasing doses of waste applied to soil were proportionally related to a higher chlorophyll
content in leaves and accelerated growth of plants. Chlorophyll content is the most widely used
proxy for N content, as was demonstrated by the studies of Herrmann et al. [23], Homolová et al. [24],
and Camino et al. [25]. According to Hamann et al. [26], measurement of the chlorophyll content and
nitrogen balance can be a useful non-destructive method to estimate the physiological status of plants,
as was found in young apple trees cultivated under water stress conditions.

Research shows that the applied waste from biogas plants influenced the activity of enzymes,
which have a key impact on plant growth, biomass yield, physiological processes, and energy properties.
Similarly, as in the case of gas exchange, it enhanced the activities of acid and alkaline phosphorylases,
RNase, and dehydrogenase in a dose-dependent manner. The alkaline and acid phosphorylases are
responsible for the distribution of phosphorus in plants and they catalyze the hydrolysis of organic
phosphorus. They also regulate the mineralization potential of organic phosphorus, which can
influence the biomass energy value [27]. Stimulation of RNase activity by the waste studied may play
an important role in strengthening defense mechanisms in plant tissues, as was also observed in willow
and corn plants under the influence of microalgae used as fertilizer. Dehydrogenases play a crucial role
in respiration processes important for growth and biomass yield [21]. A close relationship between
different fertilization methods, the enzyme activities studied, and plant development was also found
in other energy plants, such as Virginia fanpetals, corn and willow treated with algae [17,21,28,29], and
in some energy plants fertilized with sewage sludge and ash [30,31].
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The studies indicated that enhanced fertility, resulting in higher gas exchange and enzyme activity,
also slightly increased the heat of combustion in the analytical state and calorific value in the working
state, as well as decreased the ash content in plants proportionally to the applied fertilizer doses.
These properties are important when plants are produced for energetic purposes and show that
Jerusalem artichoke fertilized with the waste from a biogas plant is suitable for this use. In line with the
research of Kordas et al. [32], the results obtained state that increasing the dose of mineral fertilization
contributed to the increase in the heat value of plant combustion.

The additional stimulating impact on plant development of the biopreparations added to the
waste from the biogas plant in the combined treatments could be caused by humid acids and chitosan
polymers contained in Apol-humus and by-nutrients, and humid acids and iodine present in Stymjod.
The positive impact of humid acids on plant development has been described in the literature [33].
The favorable impact of chitosan on the development and health of plants under hydrothermal stress
was revealed by Górnik et al. [34] in grapevines. The demonstrated stimulatory influence of Stymjod,
used with the waste studied, on Jerusalem artichoke plant development could be an effect of macro- and
microelements, humid acids, and above all of the presence of iodine [35,36]. Jeznach [36] demonstrated
the positive influence of iodine on the cyto-morphological changes in cabbage and tomato, the enlarged
diameter of phloem and xylem, and more frequent stomata opening, which resulted in increased gas
exchange in the leaves. The application of iodine to cabbage enhanced its resistance to stress and the
quantity of several elements in leaves [36]. According to Smoleń et al. [37], iodine application increased
the content of phosphorus, potassium, and calcium and decreased the accumulation of iron in stored
carrot roots. The intensified physiological processes found in vegetable crops under the influence
of iodine could also occur in Jerusalem artichoke and influence its biomass energy properties and
sensitivity to growing conditions.

The research presented indicates that biogas plant waste use in Jerusalem artichoke crops under
different climate conditions subsequently not only allows a reduction in the doses of synthetic fertilizers
that contaminate the surroundings but can also solve the serious problem of utilization and storage,
which is expensive and dangerous for the environment [38,39]. Additionally, the use of this waste as a
plant fertilizer is safer than sewage sludge, which may often contain harmful compounds that must be
removed prior to its use in agriculture [40]. Research indicates that fertilization with the waste from a
biogas plant enables a high yield of energy and biomass to be obtained, which could be used in its
torrefaction, and may lead to a decrease in the recommended doses of artificial fertilizers, thus limiting
environmental pollution. The highest fertilization level of Jerusalem artichoke enables a high quantity
of fuels to be obtained as was found in sorghum, which can be a raw material for producing 8455 Nm3

of biogas ha−1 and 200,000 MJ ha−1 per year [10].
Regarding research results on the Jerusalem artichoke torrefaction process using a batch reactor,

the findings of the torrefaction process temperature are quite important when designing commercial
continuous reactors for the production of carbonized solid biofuels. These results indicate that, as is
well known in the production of carbonized solid biofuels, in order to obtain the best process conditions
of the torrefaction process and a reasonable price of the final product, it is important to achieve a
mass loss on a level of 30% and an energy loss (torgas) on a level of 10% in the thermo-chemical
conversion. Compared to research results on other energy crops and straw biomass, Jerusalem
artichoke’s temperature of 245 ◦C during torrefaction for carbonized solid biofuel production under
isothermal conditions is relatively low [41–49]. Research on the Jerusalem artichoke has shown that the
amount of ash after the torrefaction process is still at a relatively low level compared to biomass not
subjected to the torrefaction process (Jerusalem artichoke unprocessed as a result of the torrefaction
process has an ash content of <3%), and solid fossil fuels, such as Polish hard coal, have an ash content
of <15%. An SEM-EDS analysis of the ash composition of torrefied Jerusalem artichoke after burning
at 700 ◦C showed a very favorable composition of mineral substances that can be reused as additives
to organic fertilizers, a carrier of such elements as K (20.46%) and P (3.36%) and C (22.51%).

An SEM-EDS analysis was performed on fly ash of Jerusalem artichoke sintered at 700 ◦C.
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The method of growing Jerusalem artichoke presented in the experiments carried out is ecological
and improves the parameters of the torrefaction process. The Jerusalem artichoke produced as a
result of ecological fertilization is characterized by low cultivation costs and the heat energy produced
in this carbonized solid biofuel requires about 25% less expenditure than during fertilization with
chemical fertilizers.

4. Materials and Methods

4.1. Plants, Waste, and Biopreparations

The bulbs of Jerusalem artichoke used in the experiments were purchased from Chmiel Ecological
Farm (Poland). The non-centrifuged liquid waste was obtained from Gamawind Sp. z o.o., Piaszczyna,
Poland, a distillery integrated with the biogas plant, which produces alcohol and biogas using corn
grain as raw material. Apol-humus, the new generation soil improver, was purchased from the
manufacturer Poli-Farm Sp. z o.o., Poland, whereas Stymjod, a nano-organic-mineral fertilizer, was
supplied by the producer PHU Jeznach Sp. J., Poland.

4.2. Ultimate Analysis

The ash content of the raw samples of Jerusalem artichoke was measured using an electrical
oven using the standard procedure. A main assumption was taken that no ash is lost during the
torrefaction stage. Therefore, an ash content value was calculated for each solid residue from the
overall mass yields. The C, H, N, and S contents were measured using a Perkin/Elmer Analyser and
the elemental analyses procedure was used. All three different samples of Jerusalem artichoke were
analyzed: Measurements were repeated in triplicate and the average value, which was corrected for
moisture content, is presented in Table 1.

4.3. Plant Treatments and Experimental Design

The research was performed in north Poland in a field where the temperature oscillates from 11
to 21 ◦C, precipitation is 655 mm, and moist air from the Baltic Sea is noted. The experiments were
carried out in podzolic soil, on 7 plots, which were fertilized in April with:
— Non-centrifuged waste from a corn grain biodigestion to methane process in dosages of 0, 10, 20, 30,
and 40 m3 ha−1;
— Non-centrifuged waste, 40 m3 ha−1 together with Apol-humus (10 L ha−1); and
— Non-centrifuged waste, 40 m3 ha−1 together with Apol-humus (10 L ha−1) and Stymjod (5 L ha−1).

All the experimental variants and elemental characteristic of wastes and biofertilisers are shown in
Figures 1–4 and Tables 1 and 5. Waste and Apol-humus were mixed with the soil after their application
while Stymjod was applied twice to leaves in July at a two-week interval. Jerusalem artichoke tubers
were planted in the soil (enriched previously in April with waste and Apol-humus) in the first 10 days of
May, 10–15 cm deep, 50 cm apart in a row, and 70 cm between rows, as is recommended. Non-fertilized
plots/plants served as the control (Figure 12). The applied dosages of waste, Apol-humus, and Stymjod
were chosen on the basis of previous research performed in a laboratory, container area, and field [19].
Jerusalem artichoke biomass was collected in November, evaluated for fresh and dry biomass, then
chopped in a chopper and torrefied.

Table 5. Content of elements in the non-centrifuged waste from corn grain biodigestion to methane,
Stymjod, and Apol-humus.

Assessed
Material

pH
N P K Ca Mg Fe Mn Cu Zn B Dry Mass

[mg L−1] [%]

Waste 7.6 2455 278 996 300 115 9.0 0.324 0.175 0.976 3.365 1.4
Stymjod 5.4 1230 6650 62722 945 11574 18.7 885 680 1470 573 -
Apol-humus 12 15.21 15.8 20.2 468 70 140 5.95 0.87 2.40 0.92 -
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4.4. Fuel Characteristics 

Figure 12. Jerusalem artichoke plants fertilized with various doses of biogas plant waste in Piaszczyna,
(north Poland). The plot on the left fertilized with the dose of 10 m3 ha−1, in the middle the control
(0 m3 ha−1 and on the right 40 m3 ha−1. Photo was taken on June 15 (a) and 2 of July (b).

4.4. Fuel Characteristics

4.4.1. Caloric Value

The caloric value was determined by using two methods. The first one was performed by using
a calorimetric bomb and the second one by calculating the CV based on the carbon, hydrogen, and
nitrogen content. One type of equation for CV calculation was used to find the value, called the partial
least squares regression (PLS) method (Equation (1)), and this gave a higher heating value (HHV) on a
dry basis. HHV was calculated using the formula:

HHV(PLS) = 5.22C2 − 319C− 1647H + 38.6CH + 133N + 21028 (1)

where C = carbon, H = hydrogen, and N = nitrogen content expressed on a dry mass percentage basis.
All caloric values from numerical calculations are the medium values of the determined results and are
finally corrected by the dry ash content on a free basis.

The methodology of the experimental analysis of the Jerusalem artichoke torrefaction process for
carbonized solid biofuel production comprised several analytical techniques:
— Analysis of the TGA, DTA, TG-FTiR, and TG-MS torrefaction process and biomass co-firing;
— Elemental analysis of biomass torrefaction process products;
— Analysis of the gases formed as a result of torrefaction: FTiR analysis and MS analysis;
— Technical analysis of biomass torrefaction products; and
— SEM-EDS ash analysis of torrefied Jerusalem artichoke after combustion.

Experimental research on the torrefaction process of carbonized energy crops using a specially
designed biomass torrefaction installation with a batch reactor was performed in an inert atmosphere,
nitrogen (Figure 13).

During biomass decomposition, three zones were distinguished on the weight loss curves of wood
during torrefaction using installation with batch reactor Figure 12. The first one corresponded to the
most reactive component, hemicellulose, whose decomposition started at 225 ◦C and finished at 325 ◦C;
the second one was cellulose, whose decomposition temperature rate is from 300 ◦C up to 375 ◦C; and
the last one was lignin, which represents the widgets’ temperature rate of 250–500 ◦C. The carbonization
process of lignocellulosic biomass was described by weight loss kinetics by using different experimental
devices. Among those many devices were fluidized bed reactors, thermogarvimetric analyzers, and
tube furnaces. In the research presented, a method with a thermogravimetric analyser (TGA) was
chosen to determine the weight loss kinetics of energy crop torrefaction. By using this kind of
experimental method, we obtained dynamic conditions in which the sample with biomass was placed
at a specific heating rate, but it is important to know that experimental heating rates are very often
slower than those in real process equipment, such as combustors, reactors, or gasifiers.
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4.4.2. Ash Analysis of Torrefied Jerusalem Artichoke

The samples were investigated by scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) using an SEM FEI Quanta 200FEG microscope equipped with an EDX Oxford
X-Max spectrometer. Measurements by the EDX technique were performed in at least 10 different spots
for a given sample, and then an average atom concentration and its standard deviation were calculated
for each of the identified elements. The electron energy of 20 keV was used in investigations.

4.5. Assessments of Plant Physiological Activity and Growth

The effects of fertilization treatments were assessed by periodical height measurements of whole
plants during the vegetative season and evaluation of their biomass yield and energy value in the
autumn. Assessments of the physiological activity of plants (gas exchange, index of chlorophyll
content, enzyme activity) were carried out on fully developed leaves situated under the top of plants.
In each experimental variant, one leaf from each of 10 plants was taken for the evaluation of gas
exchange and enzyme activity. The material was collected in the third week of July in a temperature
range of 25–30 ◦C, in sunshine and air humidity of 50–60%.

The height of the plants was measured at monthly intervals throughout the growing season [17].
The weights of fresh green biomass, and dry (dried at 130 ◦C for 3 days) were assessed in November
on the basis of 5 plants taken from each experimental variant. The data presented were calculated
for one plant as an average for the treatment [17]. Assessments of gas exchange (net photosynthesis,
transpiration, stomatal conductance, and intercellular CO2 concentration) were performed using a
TPS-2 -Portable Photosynthesis System (PP Systems, Amesbury, MA, USA) [17,20].

An index of the chlorophyll content in leaves was estimated using a SPAD-502 chlorophyll meter
(Konica Minolta, Osaka, Japan) [17]. The activities of acid (pH 6) (EC 3.1.3.2) and alkaline (pH 7.5)
(EC 3.1.3.1) phosphorylases (U g−1 (FM) min−1) in leaves and RNase (EC 3.1.27.5) (U g−1(FM) min−1)
were studied using the methods demonstrated by Knypl and Kabzinska [50]. The activity of total
dehydrogenases (EC 1.1.1.-) was measured using the procedure presented by Górnik and Grzesik [20,51]
with a spectrophotometer (UVmini-1240, Shimadzu, Japan) for formazan determination at a wavelength
of 480 nm.

4.6. Assessments of Biomass Energy Properties and Torrefied Materials

The energy crop samples were pre-prepared before the experiments, and the biomass was
separated from foreign bodies, cleaned from contamination, chopped, and ground so as to reach the
appropriate geometric dimensions. The plants were cut into sections of 2 to 4 cm, ground, and then
sieved on a special automatic screen and dried in an electric oven at 110 ◦C for 4 h. Then, the samples
were tightly closed and sent for technical and elemental analysis. The content of the elements carbon,
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hydrogen, nitrogen, and sulphur were determined and the volatility, moisture content, ash, combustion
heat, and calorific values were determined (the same analysis was performed after the torrefaction
process). The weight of the samples was determined before and after the drying process and the
results were used to determine the moisture content. In each Jerusalem artichoke torrefaction process
experiment, the dried biomass was divided into three separate samples of 20 g and each of them was
evenly distributed on three horizontal screens of a reactor metal structure with different perforations
made of acid-proof steel. The nitrogen was heated up by using electrical heaters to the set temperature
(for this experimental research, temperatures between 220 ◦C and up to 280 ◦C were measured and the
torrefied products were analyzed according to the mass loss and caloric value increase). Only selected
samples were analyzed because, as a result of previous studies, a too high weight loss of more than
35% results in a very high degree of carbonization and high energy loss (above 10% of original energy
content). The reverse is achieved with a mass loss below 25%, which is too low, and the biomass, in the
end, is not fully roasted (it is not fragile and still has a high degree of moisture absorption and low
calorific value).

4.7. Statistical Analysis

The investigations presented were performed in the field for three years (in a series) in northern
Poland in three replicates for each experimental variant. The experimental plots and replicates,
with differently fertilized plants, were situated randomly. Because of the similar climate conditions
and growth in subsequent years, the data obtained were presented as means from the years and
10 plants (measuring height, gas exchange, index of chlorophyll content, enzyme activity) or 5 plants
(taking weights of fresh green biomass) from each replicate. These were processed applying analysis of
variance (ANOVA I), by Statistica 12. The means of the chosen parameters were grouped employing
the Dunett’s test and the contrast between the control sample and the remaining samples was used at
the α = 0.05 significance level.

5. Conclusions

The research presented shows the prospects of increasing the energy efficiency of Jerusalem
artichoke crops by ecological use of the waste from corn grain biodigestion to methane,
applied separately or together with Apol-humus, a new generation soil improver, and Stymjod,
a nano-organic-mineral fertilizer, as an alternative to artificial fertilizers, which pollute the environment.

The research presented shows that the temperature at which we obtained a 30% weight loss and
a 10% energy loss as a result of the Jerusalem artichoke torrefaction process is 245 ◦C. The research
shows an increase in the calorific value as a result of the Jerusalem artichoke torrefaction process from
15.82 to 22.12 MJ kg−1. Research on the Jerusalem artichoke torrefaction process Figure 14 has shown
that the amount of ash after the torrefaction process in Jerusalem artichoke is still at a relatively low
level compared to biomass not subjected to the torrefaction process (Jerusalem artichoke unprocessed
as a result of the torrefaction process has an ash content of <3%) and solid fossil fuels, such as Polish
hard coal, has an ash content of <15%. An SEM-EDS analysis of the ash composition after burning at
700 ◦C of torrefied Jerusalem artichoke showed a very favorable composition of mineral substances
that can be reused as additives to organic fertilizers, a carrier of such elements as: K (20.46%) and P
(3.36%) and C (22.51%).

An SEM-EDS analysis was performed on the fly ash of Jerusalem artichoke sintered at 700 ◦C and
leaching toxicity of heavy metals was analyzed by a horizontal vibration extraction procedure (HVEP).
It was found that the structure of fly ash is strengthened with an increase of the temperature, which is
conducive to the stabilization of heavy metals.
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Figure 14. Scheme of the Jerusalem artichoke torrefaction process analytical method order: TGA, DTA,
TG-FTiR, TG-MS torrefaction process, and biomass combustion plus SEM-EDS ash analysis.

The method of growing Jerusalem artichoke presented in the experiments carried out is ecological
and improves the parameters of the torrefaction process. The Jerusalem artichoke produced as a
result of ecological fertilization is characterized by low cultivation costs and the heat energy produced
in this carbonized solid biofuel requires about 25% less expenditure than during fertilization with
chemical fertilizers.

The research also demonstrates that biomass obtained under the influence of such fertilization
can be used for energy purposes and, for example, can be converted to high energy density torrefied
solid biofuel. It was demonstrated that Jerusalem artichoke could be a promising high-yielding energy
crop. Its ecological fertilization with the waste from biogas plants (30–40 m3 ha−1), Apol-humus, and
Stymjod positively influenced gas exchange (net photosynthesis, transpiration, stomatal conductance,
and intercellular CO2 concentration), the index of chlorophyll content, the activity of the selected
enzymes (acid and alkaline phosphorylase, RNase, and dehydrogenase), and energetic parameters,
which markedly affected the Jerusalem artichoke growth kinetics during the whole vegetative season
as well as the yield of fresh and dry biomass. The waste studied can be used as a cost-effective and
environmentally friendly biofertilizer, if it is applied in defined doses and in agreement with the
national legal regulations on the safe application of these components. The research shows that a
torrefaction process temperature of around 245 ◦C is one of the most optimal temperatures for the
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production of carbonized solid biofuel from Jerusalem artichoke. Compared to research results on
other energy crops and straw biomass, an isothermal temperature of 245 ◦C during torrefaction for
carbonized solid biofuel of Jerusalem artichoke biomass fertilized with biogas plant waste is relativlely
low. In the near future, biomass plants will be a major source of biofuel production and may inhibit
the growth of oil prices [52].
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Abstract: The salinity of European soil is increasing every year, causing severe economic damage
(estimated 1–3 million hectares in the enlarged EU). This study uses the biomass of halophytes—
tall fescue (grass) and hemp of the Białobrzeskie variety from saline soils—for bioenergy, second
generation biofuels and designing new materials—fillers for polymer composites. In the bioethanol
obtaining process, in the first stage, the grass and hemp biomass were pretreated with 1.5% NaOH.
Before and after the treatment, the chemical composition was determined and the FTIR spectra
and SEM pictures were taken. Then, the process of simultaneous saccharification and fermentation
(SSF) was carried out. The concentration of ethanol for both the grass and hemp biomass was
approx. 7 g·L−1 (14 g·100 g−1 of raw material). In addition, trials of obtaining green composites
with halophyte biomass using polymers (PP) and biopolymers (PLA) as a matrix were performed.
The mechanical properties of the composites (tensile and flexural tests) were determined. It was
found that the addition of a compatibilizer improved the adhesion at the interface of PP composites
with a hemp filler. In conclusion, the grass and hemp biomass were found to be an interesting and
promising source to be used for bioethanol and biocomposites production. The use of annually
renewable plant biomass from saline soils for biorefinering processes opens up opportunities for the
development of a new value chains and new approaches to sustainable agriculture.

Keywords: halophyte biomass; saline soils; pretreatment; SSF; biorefinering process; bioethanol; bio-
composites

1. Introduction

The dynamic development of economic activities often causes changes in the envi-
ronment and human life quality. The world population is anticipated to grow 40% within
40–50 years with unprecedented demands for energy, food, freshwater and a clean envi-
ronment. At 43% of the total landmass, exploiting the Earth’s arid and semi-arid lands
becomes a matter of necessity [1].

Soil salinisation effects are seen as a major cause of desertification and, therefore, are
a serious form of soil degradation, endangering the potential use of European soils. The
contamination of the environment by the excessive salinity of soils may be induced during
coastal flooding, by the intensive agriculture practices or under the pressure of climate
changes (aridisation phenomena). Such soils have lower or zero suitability for traditional
agriculture production, influencing the decline of regional economics [2].

The remediation of these sites or the implementation of new ways to use them are
necessary to achieve the restoration of agricultural production and thus economic growth.
This can be met by the use of halophytes in the development of an integrated system of
soil bioremediation and biomass biorefinery [3].

Tall fescue (Festuca arundinacea) and hemp (Cannabis sativa L.) are characterised by high
biomass production and wide ecological amplitude, including tolerance to soil salinity.
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Tall fescue creates large, dense and deeply rooted clumps, showing considerable
tolerance to unfavourable habitat conditions. It occurs on roadsides, meadows (including
saline meadows) and alluvia.

Hemp is a plant with a short growing season, resistant to diseases and unfavourable
environmental conditions, with a dry matter yield of 10–15 t·ha−1. They improve soil
quality and are useful for the restoration of brownfield sites; 1 ha of hemp binds about 11 t
of CO2 [4–6].

This study addresses the challenge of improving the knowledge and understanding
of halophyte species in order to better use the biomass from these plants for the production
of new environmentally friendly materials [7].

EU Member States have been obliged to achieve a certain share of biofuels in transport
and to take measures to reduce greenhouse gas emissions. According to the EU RED II
Directive, the contribution of advanced biofuels and biogas produced, among others, from
lignocellulosic raw materials, as a share of final energy consumption in the transport sector,
it is expected to amount to at least 0.2% by 2022, 1% by 2025 and 3.5% by 2030 [8]. Therefore,
it is very interesting and important to try to obtain bioethanol from the halophyte biomass
from saline soils [3].

The production of lignocellulosic ethanol involves the breakdown of cell walls into
individual polymers and the hydrolysis of carbohydrates into simple sugars. Plant biomass
contains the lignocellulose complex (cellulose, hemicellulose, lignin), which is relatively
resistant to biodegradation. The process of converting halophyte biomass to bioethanol
involves several steps, from the preparation of the plant material (physical and chemical
treatment), through enzymatic hydrolysis, to ethanol fermentation. The purpose of the
pretreatment of biomass is to crush the solid phase and loosen the compact structure of the
lignocellulose. Moreover, the method combining cellulose hydrolysis with sugar fermenta-
tion in one bioreactor (SSF process), where enzymes must be adapted to the conditions of
the fermentation process (30–40 ◦C), seems to be effective and economical [9–11].

Another important point is that around 25 million tons of plastic waste are produced
annually in the EU. The market is dominated by products made from materials such
as PE, PP, PET, PS and PVC, that take several hundred years to decompose. More and
more emphasis is placed on the need to significantly reduce the amount of plastic waste
(Single-Use Plastics Directive) [12,13].

The plastics processing industry is looking for material innovations that meet cus-
tomer expectations and legal requirements; therefore, in the next few years, an increased
interest in environmentally friendly biodegradable materials is expected. An example
is the production of polylactic acid (PLA), which is one of the leading bioplastics on the
market [14–16].

The barrier to the wider use of biodegradable plastics is the high production costs,
higher than traditionally used plastics.

A method to improve the economics may be the use of natural fillers from the biomass of
annual plants (flax and hemp biomass), which are cheaper than biodegradable plastics [17,18].
Materials composed of thermoplastic polymers with natural fillers have functional properties
that do not differ from pure polymers and may be used in various fields of the economy,
including the automotive industry, transport, construction and the furniture industry.

Due to the expected increase in the production of biocomposite materials in the EU in
the coming years, an increase in the demand for biocomponents based on natural resources,
including natural fibres, should be expected.

Moreover, to fully understand the impacts of biorefineries, taking a comprehensive
view of sustainability, it is necessary to consider a wider range of factors including eco-
nomics and social and environmental issues. The potential benefits of strengthening the
halophyte based biorefineries are certainly reduced greenhouse gas emissions, less depen-
dence on fossil resources, better land and natural resource management and improved food
security and soil quality. In addition, a significant positive effect of biobased industries
is the creation of employment opportunities in rural areas, as well as the possibility of
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creating new markets for agriculture (biofuels, green composites) in synergy with the
existing ones.

The aim of the presented study is to indicate the possibility of using tall fescue and
hemp from saline soils in the process of obtaining second generation biofuels and for the
design of green biocomposites. Thus far, only a few reports of the use of halophyte biomass
from degraded areas in biorefining processes have been published [3,19,20]. A novelty
in this manuscript is an indication of the possibility of managing degraded, saline soils
through the production of biomass for industrial purposes, including bioenergy, which
is in line with the idea of sustainable development, that is now a priority policy of the
European Union.

2. Results and Discussion
2.1. Bioethanol Production Process
2.1.1. Halophyte Biomass Pretreatment

The biomass crushed on a knife mill with a mesh of 2 mm was treated with alkaline.
One of the most popular alkaline reagents used in the treatment of raw plant material is
sodium hydroxide. The main purpose of the pretreatment of lignocellulosic biomass is to
crush the solid phase and loosen the compact lignocellulose structure. After a chemical
pretreatment test with sodium hydroxide (1.5–3%, 90 ◦C), sulfuric acid (1–2%, 121 ◦C) and
hot water (135 ◦C), it turned out that the most effective treatment was alkaline with 1.5%
NaOH. Table 1 shows the alkaline treatment of the grass and hemp biomass from saline
soils using 1.5% NaOH.

Table 1. Content of reducing sugars before (BP) and after (AP) sodium hydroxide treatment.

Halophyte Sample Reducing Sugars (mg·g−1)

Grass
BP 100.20 ± 0.09
AP 354.59 ± 0.01

Hemp BP 62.95 ± 0.10
AP 187.95 ± 0.13

It was found that grass from the saline soil was characterised by an almost two times
higher content of reducing sugars than hemp. The results indicate that grass is more
susceptible to alkaline treatment than hemp.

An effective chemical treatment should ensure the destruction of the crystalline struc-
ture of cellulose, the separation of lignin from carbohydrates and, thus, an increase in the
availability of the substrate for further biofuel production processes [21].

To confirm the efficiency of the alkaline treatment, a determination of the chemical
composition of the halophyte biomass after the NaOH treatment was performed and
compared to the chemical composition of the biomass before the pretreatment. The results
are presented in Table 2.

Table 2. Chemical composition of halophyte biomass (% of dry matter); BP: before pretreatment; AP:
after pretreatment.

Halophyte Sample Cellulose (%) Hemicellulose (%) Lignin (%)

Grass
BP 33.69 ± 0.40 34.74 ± 0.39 17.08 ± 0.16
AP 50.41 ± 0.18 25.23 ± 0.37 12.35 ± 0.07

Hemp BP 47.34 ± 0.40 33.49 ± 0.68 13.94 ± 0.05
AP 58.46 ± 0.29 22.12 ± 0.13 17.35 ± 0.26

The analysis of the chemical composition of the halophyte biomass before and after the
treatment showed that the alkaline effect caused a visible increase in the cellulose content by
over 10%, especially for grass, which saw a 17% increase. In addition, a partial degradation
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of hemicellulose was found (as much as 11% for hemp). In the case of the lignin content for
the hemp biomass, an increase was observed after the alkaline pretreatment (over 3%), and
in the case of grass—an almost 5% reduction. Similar observations regarding the hemp
biomass were presented by Stevulova et al. [22], who showed that the lignin content after
pretreatment with sodium hydroxide was 7% higher than before.

It was found that in the case of the grass biomass, both the higher cellulose growth
and the reduction in lignin content positively influenced the higher values of the reducing
sugars released after the pretreatment with sodium hydroxide compared to the hemp
biomass (see Table 1). It should be emphasised that one of the main goals of the chemical
treatment of lignocellulosic materials is the removal of lignin, which is a strong obstacle in
the process of biomass conversion.

The effect of alkaline treatment on the grass and hemp biomass from saline soils was
confirmed using Fourier Transform Infrared Spectrometer (FTIR) between 600–4000 cm−1

shown in the Figure 1a,b and using Scanning Electron Microscopy (SEM).
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The broad band, ranging from about 3500 to 3000 cm−1, comes from the O–H stretching
vibrations in the cellulose molecule. In all the cases, the band after pretreatment is less
intense and narrower. The band at 2900 cm–1, resulting from the stretching vibrations
of the C–H group (cellulose), is also less intense after pretreatment. The decrease in
the intensity of these bands, despite the increase in the cellulose content after treatment
(confirmed by results from the chemical composition), may be caused by the reduction in
the crystalline structure of cellulose [23,24]. These bands, in the case of different materials,
have a different shape (for grass, two characteristic peaks appear in this place, while for
hemp, one broad band is visible). The vibration band visible at 1730 cm−1, resulting from
the C=O stretching vibrations of the acetyl group in hemicellulose [25], disappears in the
case of hemp after treatment, while in the case of grass, it is significantly reduced. This is
due to the degradation of hemicellulose during the alkaline pretreatment of biomass. In
turn, the lower intensity of the band at 1600 cm−1 corresponding to the O–H stretching
vibrations, reflecting the amount of water absorbed in the sample, is probably caused by
the loss of water during the drying process of the samples after pretreatment [26]. The
absorption band at 1510 cm−1, resulting from the vibrations of the aromatic ring in lignin
in the case of grass, decreases after alkaline treatment, which is reflected in the chemical
composition of the biomass. Significant changes are visible in the band at 1230 cm−1. This
band is attributed to the vibration of the guaiacyl ring in lignin, as well as to the vibration
of the C–O groups in pectin. After the alkaline treatment, this band disappears completely
or significantly loses its intensity, which may indicate a reduction in both lignin and pectin.
Going to the lower wavenumber values, the following three more characteristic bands
for the cellulose molecule appear: 1160 cm−1 (asymmetric C–O–C stretching vibrations),
1110 cm−1 (C–OH skeletal vibrations) and 1050 cm−1 (C–O–C skeletal vibrations of the
pyranose ring) [27]. These bands, despite the increase in cellulose content after chemical
treatment, are reduced. This is characteristic of each biomass tested and can be attributed
to the reduction in the crystalline structure of the cellulose after treatment.

Significant changes on the surface of the grass and hemp biomass were observed and
presented in the SEM images taken before and after pretreatment (Figure 2).
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Figure 2a,c show that the untreated grass and hemp biomass have intact and rigid
structures with well-ordered fibrous skeletons, effectively blocking access to lignocellu-
lose [28]. After the pretreatment of the grass and hemp biomass with sodium hydroxide
for, similar changes were observed on the surface of the biomass. The SEM images of the
halophyte biomass after alkaline treatment (Figure 2b,d) show damage to the structure of
the biomass and the appearance of hollow areas, which increases its surface and positively
affects the enzymatic availability and digestibility of the biomass [29,30].

To sum up, the main goal of the chemical treatment of lignocellulosic materials for
biofuel is to increase the availability of the biomass structure by the decrystallisation of
cellulose and the removal of lignin.

2.1.2. Enzyme Complex

The second stage of the process of obtaining bioethanol from plant biomass is the
enzymatic hydrolysis process. The breakdown of cellulose into simple sugars requires the
synergistic action of cellulases—endoglucanases, cellobiohydrolases and ß-glucosidases.
Two enzyme preparations were selected for the research—Flashzyme Plus 200 and Cel-
luclast 1.5 L [31]. In order to select the enzyme complex for the SSF process, tests were
performed using selected enzymes and their supplementation with glucosidase and xy-
lanase (Table 3).

Table 3. Content of reducing sugars after the enzymatic test.

Enzyme
Reducing Sugar (mg·g−1)

Hemp Grass

Flashzyme Plus 200 338 ± 0.04 846 ± 1.00
Celluclast 1.5 L 342 ± 0.05 696 ± 0.52
Flashzyme/Celluclast 1.5 L (70/30) 420 ± 0.06 892 ± 0.02
Flashzyme/Celluclast 1.5 L (50/50) 430 ± 0.05 800 ± 0.44
Flashzyme/Celluclast 1.5 L (30/70) 355 ± 0.38 810 ± 0.34
Flashzyme/Celluclast 1.5 L (50/50)/β-glucosidase 351 ± 0.14 -
Flashzyme/Celluclast 1.5 L (50/50)/xylanase 324 ± 0.65 -
Flashzyme/Celluclast 1.5 L
(50/50)/β-glucosidase/xylanase 343 ± 0.16 -

Flashzyme/Celluclast 1.5 L (70/30)/β-glucosidase - 472 ± 3.29
Flashzyme/Celluclast 1.5 L (70/30)/xylanase - 458 ± 1.81
Flashzyme/Celluclast 1.5 L
(70/30)/β-glucosidase/xylanase - 735 ± 1.86

For the hydrolysis of the solid fraction in the SSF process, the Flashzyme Plus 200/Cel-
luclast 1.5 L complex in the proportion of 50/50 was selected for the hemp biomass, and
the Flashzyme Plus 200/Celluclast 1.5 L complex in the proportion of 70/30 for the grass
biomass. On the basis of the enzymatic test, it was found that the content of the released
reducing sugars for the grass biomass (892 mg·g−1) was two times higher than for the
hemp biomass (430 mg·g−1).

2.1.3. Simultaneous Saccharification and Fermentation (SSF)

The SSF process, consisting of simultaneous hydrolysis and fermentation, takes place
under conditions ensuring the optimal synergy of enzymes and distillery yeast. After
carrying out the fermentation tests with selected parameters, the amount of ethanol was
determined (HPLC). Figure 3 shows the ethanol concentration after the SSF process for the
hemp and grass biomass from saline soils.
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It was noted that at 48 h, there was a slight decrease in the ethanol concentration for
the hemp biomass but an increase for the grass biomass. The highest ethanol concentration
for the hemp biomass was observed at 48 h and it was 6.6 g·L−1, which is 13.3 g·100 g−1 of
raw material. In turn, for the grass biomass, the highest ethanol concentration, equal to
7.0 g·L−1 (14.0 g·100 g−1 of raw material), was recorded after 72 h.

According to the literature reports, SSF is a beneficial process due to its short pro-
cessing time, small reactor volume and high ethanol yield, as bioethanol is produced
immediately with glucose conversion [32].

Taufikurahman and Sherly [33] conducted similar research on the production of
bioethanol from the biomass of Napier grass. After 96 h of enzymatic hydrolysis and
fermentation, they obtained an ethanol concentration of 1.25 g·L−1. In turn, Riadi et al. [34]
conducted research on lignocellulosic biomass in the form of sugarcane bagasse. They
first optimised the alkaline pretreatment, followed by enzymatic hydrolysis and ethanol
fermentation. After the 48-h fermentation process, they obtained an ethanol concentration
of 5.84 g·L−1. Obtaining bioethanol from hemp biomass was carried out by Orlygsson [35]
and after the pretreatment with 0.5% NaOH and SSF process, the ethanol concentration
was approx. 1 g·L−1.

Summing up, it should be emphasised that both the hemp and grass biomass obtained
from crops on saline soils have great potential in the process of obtaining bioethanol.

2.2. Biocomposite Production Process
2.2.1. Fillers from Halophyte Biomass

Natural fillers with particles less than 1 mm were obtained from the grinding of the
halophyte biomass. It was assumed that the fraction below 1 mm would be a compro-
mise, allowing for the effective processing of the obtained biocomposites in the injection
moulding process, taking into account the diameters of the most commonly used injection
nozzles, the simplification of the biomass grinding process and the lower costs of preparing
natural fillers. The sieve analysis of the natural fillers was performed, and their humidity
was determined. The detailed share of the individual fractions is presented in Table 4.
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Table 4. Particle size distribution and humidity of fillers from halophyte biomass.

Plant
Biomass

Humidity
(%)

Particle Size Distribution (%)

1 mm 0.5 mm 0.4 mm 0.25 mm 0.2 mm 0.1 mm Below
0.1 mm

Grass 8.73 1.2 48.3 8.3 30.5 2.5 2.7 6.5
Hemp 7.65 1.1 53.8 14.7 15.8 8.5 2.6 3.5

The bulk density of the hemp fillers (0.19 g·mL−1) and the grass fillers (0.22 g·mL−1)
were determined.

2.2.2. Mechanical Properties of Biocomposites

The multipurpose test specimens—type A in accordance with ISO 3167 [36], used to
determine the mechanical properties of composites and biocomposites with halophyte
biomass—are shown in Figure 4.
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Tables 5 and 6 show the effect of the different fillers from halophyte biomass on both
the tensile and flexural properties of the polypropylene composites.

Table 5. Tensile and flexular properties of PP/hemp composites.

Sample Tensile Strength
δM (MPa)

Tensile Modulus
Et (GPa)

Flexular Strength
δfM (MPa)

Flexural Modulus
Ef (GPa)

PP HP648T 31.0 ± 0.27 1.5 ± 0.02 41.5 ± 0.48 1.2 ± 0.13
PP-H20 23.3 ± 0.25 1.7 ± 0.04 39.5 ± 0.60 1.8 ± 0.17

PP-H20S5 27.5 ± 0.57 1.8 ± 0.05 40.7 ± 0.75 2.7 ± 0.16
PP-H30 19.3 ± 0.21 2.3 ± 0.03 37.0 ± 0.70 2.5 ± 0.22

PP-H30S5 31.4 ± 0.21 2.8 ± 0.05 51.6 ± 0.77 3.1 ± 0.14

Table 6. Tensile and flexular properties of PP/grass composites.

Sample Tensile Strength
δM (MPa)

Tensile Modulus
Et (GPa)

Flexular Strength
δfM (MPa)

Flexural Modulus
Ef (GPa)

PP HP648T 31.0 ± 0.27 1.5 ± 0.02 41.5 ± 0.48 1.2 ± 0.13
PP-G20 23.6 ± 0.19 1.7 ± 0.04 39.5 ± 0.27 1.3 ± 0.08

PP-G20S5 28.1 ± 0.25 1.8 ± 0.07 40.3 ± 0.35 1.4 ± 0.09
PP-G30 20.4 ± 0.14 2.0 ± 0.03 41.0 ± 0.40 1.9 ± 0.17

PP-G30S5 24.4 ± 0.27 2.0 ± 0.05 44.4 ± 0.27 1.9 ± 0.11

The 24–38% reduction in the tensile strength, respectively, was demonstrated for the
composites based on PP with hemp fillers in the amount of 20% and 30%. The use of 5%
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interfacial adhesion promoter (Scona 8112) indicates a positive effect on material adhesion,
which ensures more effective mechanical properties. In the presence of a compatibilizer,
the PP composites with 30% of the hemp filler showed better mechanical properties: the
tensile strength is the same as that of pure PP, and the flexural strength is 24% higher.

Depending on the amount of hemp filler in the presence of the compatibilizer, the
composites showed a significant increase in the tensile modulus during elongation (20–87%)
and bending (17–58%).

The use of grass biomass fillers in the amount of 20 and 30% in composites based on
polypropylene resulted in the reduction in tensile strength by 24 and 34%, respectively.
The use of the 5% interfacial adhesion promoter (Scona 8112) improved the tensile strength
of the composites by an average of 14%. However, the composites show a higher (13–33%)
modulus of elasticity in relation to the pure PP. The use of grass fillers in the amount of 20
and 30% did not significantly affect the flexural strength of the composites. The modulus
of elasticity determined during bending increased by almost 58% when the filler was used
in the amount of 30%.

The effect of the different fillers from the halophyte biomass on both the tensile and
flexural properties of the PLA composites are shown in Tables 7 and 8.

Table 7. Tensile and flexular properties of PLA/hemp composites.

Sample Tensile Strength
δM (MPa)

Tensile Modulus
Et (GPa)

Flexular Strength
δfM (MPa)

Flexural Modulus
Ef (GPa)

PLA 3260HP 64.5 ± 1.25 3.5 ± 0.07 108.6 ± 0.99 3.4 ± 0.14
PLA-H20 51.4 ± 0.99 5.5 ± 0.04 88.0 ± 2.37 4.9 ± 0.21
PLA-H30 53.0 ± 1.17 6.7 ± 0.05 94.7 ± 1.76 6.6 ± 0.18

Table 8. Tensile and flexular properties of PLA/grass composites.

Sample Tensile Strength
δM (MPa)

Tensile Modulus
Et (GPa)

Flexular Strength
δfM (MPa)

Flexural Modulus
Ef (GPa)

PLA 3260HP 64.5 ± 1.25 3.5 ± 0.07 108.6 ± 0.99 3.4 ± 0.14
PLA-G20 49.1 ± 0.30 3.9 ± 0.02 83.6 ± 0.43 3.8 ± 0.11
PLA-G30 41.2 ± 1.22 4.1 ± 0.02 78.1 ± 0.93 4.0 ± 0.20

The use of hemp fillers in the amount of 20 and 30% in composites based on PLA–
Ingeo 3260HP resulted in a reduction in tensile strength by about 20 and 18%, respectively.
The reduction in the flexural strength by 13–19% was demonstrated by the composites
of PLA with hemp fillers. Depending on the amount of the hemp filler, the composites
showed a significant increase in the modulus during elongation (57–91%) and bending
(44–94%) in relation to pure PLA.

The use of grass biomass fillers in the amount of 20 and 30% in composites based
on PLA–Ingeo 3260HP resulted in a reduction in tensile strength by about 24 and 36%,
respectively. The composites show, respectively, an 11 and 17% increase in the modulus
of elasticity in relation to pure PLA. The flexural strength of the composites decreased by
about 28% for the 30% filler content. The modulus of elasticity determined during bending
increased by 12 and 18% in relation to pure PLA.

It should be noted that the interaction between the matrix and the filler is an impor-
tant factor influencing the mechanical properties. Despite the hydrophilic nature of the
polylactide polymer matrix surface, similar to natural fillers, PLA composites with hemp
and grass fillers do not show effective interface adhesion. The interfacial bonding strength
of the natural fillers with the polymer matrix were lower, and at a lower value of the force
acting on the samples, the fillers were detached from the matrix, and the entire load acted
on the polymer matrix [37,38].

Moreover, it was found that the value of the reduction in tensile strength can be
correlated with the content of natural fillers. For composites with 20% by weight of
hemp filler, the reduction in tensile strength was 24.8% for PP composites and 20% for
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PLA composites, respectively. For PP composites with 30% by weight of hemp filler, the
reduction in tensile strength was 38%. For composites containing 20 and 30% by weight
of grass filler, the reduction in tensile strength was 24% and 34–36% for PP and PLA
composites, respectively.

Summing up, it should be emphasised that the addition of a compatibilizer improved
the adhesion at the interface of the PP composites with the hemp filler, which is confirmed
by the better mechanical properties of composites in terms of elongation and bending.

3. Materials and Methods
3.1. Halophyte Biomass

The raw material used in the study was the biomass of grass—tall fescue and hemp
of the Białobrzeskie variety from a saline field in the Kuyavian-Pomeranian Voivodeship
(Poland), the average salinity of which, calculated as sodium chloride, was 3.5 g·L−1.

3.2. Bioethanol Production Process
3.2.1. Halophyte Biomass Pretreatment

Grass and hemp biomass was subjected to preliminary crushing to particles of size
20–40 mm and dried at 50–55 ◦C for 24 h. Then, the material was disintegrated on knife
mill SM-200 (Retsch, Hann, Germany) with a sieve of the mesh size of 2 mm.

The next step was the alkaline treatment of the halophyte biomass for 5 h with 1.5%
sodium hydroxide at 90 ◦C [39]. NaOH/biomass weight ratio was 10:1. After the alkaline
pretreatment was carried out, the biomass solution was filtered on a Büchner funnel, then
washed with distilled water until neutralised, and dried in a laboratory dryer at 50 ◦C for
24 h. The alkali effect on the content of the released reducing sugar was determined using
Miller’s method with 3,5-dinitrosalicylic acid (DNS) [40]. The raw material was incubated
at 40 ◦C in 0.05 M citrate buffer pH 4.8 for 2 h using the enzyme preparation Flashzyme
Plus 200 (AB Enzyme) at the dose of 20 FPU·g−1. The absorbance of the supernatant was
measured at 530 nm on UV–VIS Spectrophotometer V-630, (Jasco, Pfungstadt, Germany).

3.2.2. Enzyme Complex

In order to select the enzyme complex for the SSF process, tests were performed using
selected enzymes—Flashzyme Plus 200 and Celluclast 1.5 L (Novozymes, Bagsværd, Den-
mark) and their supplementation with glucosidase 20 CBU·g−1 and xylanase 500 XU·g−1

(Sigma-Aldrich, Darmstadt, Germany).
The composition of Flashzyme Plus 200 (90 FPU·mL−1, 2430 XU·mL−1) is endoglu-

canase, cellobiohydrolase, cellobiase, xylanase and mannanase, and Celluclast 1.5 L
(62 FPU·mL−1, 278 XU·mL−1) consists of cellulase from Trichoderma reesei.

Enzymatic tests were carried out for 5% of biomass with the enzyme in the amount
of 10 FPU·g−1, at pH 4.8 and for 24 h at 38 ◦C. The selection criterion was the content of
reducing sugars determined using the Miller’s method.

3.2.3. Simultaneous Saccharification and Fermentation (SSF)

The SSF process was carried out in bioreactor Biostat B Plus (Sartorius, Goettingen,
Germany) in 2-litre vessel equipped with pH, temperature, stirring and foaming controls.
The temperature was maintained at 37 ◦C and stirred at 900 rpm; pH was controlled at
4.8 by adding 1 M NaOH or 1 M HCl. The mixture of Flashzyme Plus 200 and Celluclast
1.5 L enzymes in the amount of 10 FPU·g−1 was used for the hydrolysis process of biomass.
The fermentation process was performed with the use of not hydrated, freeze-dried yeast
S. cerevisiae at a dose of 1 g·L−1, which corresponded to cell concentration after inoculation
of about 1 × 107 cfu·mL−1. Duration of the SSF process was 24, 48 and 72 h.

Ethanol yield from 100 g of raw material Ys (g·100 g−1 of raw material) was calculated
according to the following Equation (1) [41]:

Ys =
Et × 100

M
(1)
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where Et—amount of ethanol in 1000 mL of tested sample (g); and M—mass of material
weighed in 1000 mL fermentation sample (g).

3.3. Biocomposite Production Process
3.3.1. Natural Fillers from Halophyte Biomass

Samples of dried halophyte biomass were grounded using a Rekord A (Jehmlich,
Nossen, Germany) mill with a sieve separator with a mesh diameter of 1 mm. The sieve
analysis of the natural fillers obtained in the milling process was performed using Analy-
sette 3 Spartan (Fritsch, Idar-Oberstein, Germany) and their humidity were determined
with moisture analyser MA.X2.A (Radwag, Radom, Poland).

3.3.2. Polymer Matrix

The polymer matrix consisted of traditional thermoplastic polymer—polypropylene
Moplen HP648T (Basell Orlen Polyolefins, Płock, Poland): density 0.9 g·mL−1 and mass
flow rate (MFR) 53 g·10 min−1 (190 ◦C, 2.16 kg) and biodegradable polymer—poly(lactic
acid) Ingeo 3260HP (NatureWorks, Blair, NE, USA): density 1.24 g·mL−1 and MFR
65 g·10 min−1 (210 ◦C, 2.16 kg).

To improve adhesion between the natural filler and the polypropylene matrix, the
interfacial adhesion promoter Scona 8112 (S) (BYK-Chemie GmbH, Germany)—PP grafted
with maleic anhydride—was used in an amount of 5% by weight.

3.3.3. Preparation of Composites

Composites and biocomposites contained 20 and 30 wt% hemp (H) and grass (G) fillers
were compounded with polypropylene (PP) and polylactide (PLA) in co-rotating twin
screw extruder Leistritz MICRO 27 GL/GG-44D (Leistritz Extrusionstechnik, Nürnberg,
Germany) with Brabender gravimetric feeding system (Brabender Technologie, Duisburg,
Germany). Compounding parameters: barrel temperature profile 170–200 ◦C, extruder
rotation speed of 150 rpm, throughput 16 kg·h−1.

Composites pellets were dried to achieve the appropriate process humidity. Polypropy-
lene composites were dried in flow dryer EHD-25BT (Enmair Automation Machinery,
Guangdong, China) at temperatures of 105 ◦C to a humidity level below 0.15%. Biocom-
posites based on biodegradable polymer were dried in molecular dehumidifier Drywell
DW25/40 (Digicolor, Herford, Germany) at 70 ◦C (dew point −40 ◦C) to a humidity level
below 0.02%.

Multipurpose test specimens—type A in accordance with ISO 3167 [36]—were moulded
by hydraulic injection moulding machine Haitian Mars II Eco 600 kN (Haitian Plastics
Machinery, Zhejiang, China). Barrel temperature profile: 180 ◦C (hopper), 185 ◦C, 190 ◦C
and 190 ◦C (nozzle). Mould temperature was set at 40 ◦C.

3.4. Analytical and Testing Methods

The chemical composition of halophyte biomass before and after pretreatment was
determined, i.e., cellulose acc. to TAPPI T17 m-55 [42], hemicellulose as the difference
holocellulose acc. to TAPPI T9 m-54 [43] and cellulose, and lignin acc. to TAPPI T13
m-54 [44].

In order to provide a more complete picture of the molecular structure of grass and
hemp biomass before and after the alkaline pretreatment, the analysis of FTIR spectroscopy
was performed using a Fourier Transform Infrared Spectrometer ISS 66v/S (Bruker, Bremen,
Germany) at wavenumbers of 400–4000 cm−1 [22].

The physical morphologies of halophyte biomass before and after the chemical treat-
ment were performed by using Scanning Electron Microscope S-3400N (Hitachi, Japan) in
high vacuum conditions. The samples were covered with gold dust.

The content of ethanol was determined using High Performance Liquid Chromatog-
raphy on Elite LaChrom (Hitachi, Tokio, Japan) using an RI L-2490 detector, Rezex ROA
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300 × 7.80 mm column (Phenomenex, Torrance, CA, USA), as the mobile phase used
0.005N H2SO4 at a flow rate of 0.6 mL·min−1, at 40 ◦C.

Composites’ tensile and flexural tests were carried out at room temperature with a
universal testing machine Inspekt Table 50 (Hegewald & Peschke MPT, Nossen, Germany)
as recommended by ISO 527 [45,46] and ISO 178 [47], respectively. A crosshead speed
was set to 5 mm·min−1 in both tests. Tensile tests were performed using an MFA clip-on
extensometer (Mess- & Feinwerktechnik, Velbert, Germany) with a nominal length of
50 mm.

3.5. Statistical Analysis

The experiments of ethanol fermentation were carried out in triplicates. Standard
deviations were calculated using the analysis of variance ANOVA, Statistica 13.0 software
(p < 0.05).

4. Conclusions

This study took on the challenge of broadening the knowledge and understanding of
the halophyte species to achieve better use of the biomass from these plants. To sum, the
biomass of both the tall fescue and the hemp of the Białobrzeskie variety from saline areas
turned out to be a suitable source for the production of second-generation bioethanol and a
natural filler for polymer composites based on traditional polymers (polypropylene) and
biodegradable polymers (polylactide).

The SSF process made it possible to obtain an ethanol concentration for grass and
hemp biomass at the level of approx. 7 g·L−1 (14 g·100 g−1 of raw material). In the case of
composites, studies have shown that despite lowering the mechanical strength in terms
of stretching and bending, it is possible to improve interfacial adhesion by modifying the
compatibility between the phases of the natural filler and the polymer matrix.

This study will certainly have a positive impact on raising public opinion about the
social and economic benefits of the bioproducts obtained from biomass sources using land
unsuitable for agriculture.
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18. Gąsiorowski, R.; Rojewski, S.; Wesołek, D.; Maciejewski, H.; Bujnowicz, K. The influence of lignocellulosic filler modification with
silicon compounds on flammability and adhesion with a composite polymer matrix. Polym. Process. 2013, 19, 336–339.

19. Akinshina, N.; Toderich, K.; Azizov, A.; Saito, L.; Ismail, S. Halophyte biomass—A promising source of renewable energy. J. Arid
Land Stud. 2014, 24, 231–235.

20. Turcios, A.E.; Cayenne, A.; Uellendahl, H.; Papenbrock, J. Halophyte plants and their residues as feedstock for biogas production-
chances and challenges. Appl. Sci. 2021, 11, 2746. [CrossRef]

21. Kumar, D.; Murthy, G.S. Impact of pretreatment and downstream processing technologies on economics and energy in cellulosic
ethanol production. Biotechnol. Biofuels 2011, 4, 27. [CrossRef]

22. Stevulova, N.; Cigasova, J.; Estokova, A.; Terpakova, E.; Geert, A.; Kacik, F.; Singovszka, E.; Holub, M. Properties characterization
of chemically modified hemp hurds. Materials 2014, 7, 8131–8150. [CrossRef] [PubMed]

23. Araújo, D.; Vilarinho, M.; Machado, A. Effect of combined dilute-alkaline and green pretreatments on corncob fractionation:
Pretreated biomass characterization and regenerated cellulose film production. Ind. Crop. Prod. 2019, 141, 111785. [CrossRef]

24. Ciolacu, D.; Ciolacu, F.; Popa, V.I. Amorphous cellulose—Structure and characterization. Cellul. Chem. Technol. 2011, 45, 13–21.
25. Sun, X.F.; Xu, F.; Sun, R.C.; Fowler, P.; Baird, M.S. Characteristics of degraded cellulose obtained from steam-exploded wheat

straw. Carbohydr. Res. 2005, 340, 97–106. [CrossRef] [PubMed]
26. Gupta, A.D.; Pandey, S.; Kumar Jaiswal, V.; Bhadauria, V.; Singh, H. Simultaneous oxidation and esterification of cellulose for use

in treatment of water containing Cu (II) ions. Carbohydr. Polym. 2019, 222, 114964. [CrossRef] [PubMed]
27. Zhao, J.; Xu, Y.; Wang, W.; Griffin, J.; Wang, D. High Ethanol concentration (77 g/L) of industrial hemp biomass achieved through

optimizing the relationship between ethanol yield/concentration and solid loading. ACS Omega 2020, 5, 21913–21921. [CrossRef]
[PubMed]

28. Zhao, J.; Xu, Y.; Zhang, M.; Wang, D. Integrating bran starch hydrolysates with alkaline pretreated soft wheat bran to boost sugar
concentration. Bioresour. Technol. 2020, 302, 122826. [CrossRef] [PubMed]

29. Abraham, R.E.; Barrow, C.J.; Puri, M. Relationship to reducing sugar production and scanning electron microscope structure to
pretreated hemp hurd biomass (Cannabis sativa). Biomass Bioenerg. 2013, 58, 180–187. [CrossRef]

30. Kumar, D.; Murthy, G.S. Pretreatments and enzymatic hydrolysis of grass straws for ethanol production in the Pacific Northwest
U.S. Biol. Eng. 2011, 3, 97–110. [CrossRef]
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Abstract: Lignin is currently an underutilized part of biomass; thus, further research into lignin could
benefit both scientific and commercial endeavors. The present study investigated the potential of
kraft lignin as a support material for the removal of hydrogen sulfide (H2S) from gaseous streams,
such as biogas. The removal of H2S was enabled by copper ions that were previously adsorbed
on kraft lignin. Copper adsorption was based on two different strategies: either directly on lignin
particles or by precipitating lignin from a solution in the presence of copper. The H2S concentration
after the adsorption column was studied using proton-transfer-reaction mass spectrometry, while the
mechanisms involved in the H2S adsorption were studied with X-ray photoelectron spectroscopy.
It was determined that elemental sulfur was obtained during the H2S adsorption in the presence of
kraft lignin and the differences relative to the adsorption on porous silica as a control are discussed.
For kraft lignin, only a relatively low removal capacity of 2 mg of H2S per gram was identified,
but certain possibilities to increase the removal capacity are discussed.

Keywords: kraft lignin; adsorbent material; biobased materials; copper adsorption; H2S adsorption;
H2S removal

1. Introduction

In recent times, significant efforts are being placed into the substitution of fossil-based natural gas,
also known as synthetic natural gas (SNG), with renewable biomethane (CH4), which is mainly obtained
from upgrading biogas via the removal of CO2, H2S, and other trace gases [1,2]. Before upgrading,
the biogas composition can contain between 80 and 4000 ppm of H2S, depending on the feedstock
material [3]. The corrosive and harmful nature of H2S [3,4] requires it to be efficiently removed
for further uses of biogas/biomethane. Numerous technologies already exist for the removal of
H2S from gaseous streams, including solid reagents (oxides and salts), activated carbon, biological
removal, solvent absorption, and chelating solutions; however, all of them have various deficiencies,
such as incomplete absorption, methane absorption, operational difficulties, or high costs involved [5].
Therefore, novel approaches are being explored in order to uncover more effective solutions.

Lignin, the second most abundant biopolymer after cellulose, is currently an underutilized
component of lignocellulosic biomass due to its heterogeneity, recalcitrant nature, and difficulties in
processing, amongst others [6–8]. Lignin is often treated as waste material and the largest quantities
are currently being burnt for energy as a low-value fuel [9]. With the emergence of biorefineries,
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the availability of lignin is only expected to increase in the future, making the valorization of lignin to
various chemicals and materials of high importance [10].

In material applications, lignin has been studied for many years as a precursor for activated carbon
adsorbents [11,12]. Activated carbons with structured pores and large internal surface areas have high
adsorption capacities toward various substances [13], including H2S [14]. The high cost of activated
carbons [15], together with increased environmental considerations [16], has influenced research to
move toward lower-cost natural adsorbent materials. Lignin has also been studied for its natural
adsorbent properties, without the utilization of carbonization processes, but mainly for adsorbing
metal ions for use in, e.g., water purification [17]. The adsorption of metal ions on lignin is mostly
driven by a large fraction of functional groups that are available due to various processes of lignin
isolation from nature [17]. For example, milled wood lignin, which is a reasonable representation of
native lignin, contains mostly aliphatic alcohol groups and only around 1 mmol/g of phenolic OH and
around 0.2 mmol/g of carboxyl groups [18]. On the other hand, the most abundant technical lignins,
such as kraft lignin and lignosulfonates, differ from that. Kraft process leads to around 3 mmol/g of
phenolic OH and around 0.5 mmol/g of carboxyl groups [18,19], while lignosulfonates are typically
characterized by 5–8 wt% of sulfur all in the form of a low pKa sulfonic groups, which can represent
13% of lignosulfonates’ weight [20]. Since transition metals are also effective in the removal of H2S [3,5],
we have chosen to premiere a study of utilizing non-carbonized lignin as a support for copper ions in
the removal of H2S.

Ferric oxide and chelated ferric solutions are the most often used among the H2S removal
technologies centered on transition metals [5,14] due to the high removal capacity and the more benign
environmental effects of iron compared to most of the other transition metals. However, we have
opted for copper in our study for the following reasons. First, a recent study has shown the good
removal capacity of H2S by a copper (II) solution due to the precipitation of copper (II) sulfide [21].
When utilized heterogeneously (as adsorbed on other solid supports), copper has shown better results
compared to several metal ions, including iron [22]. In addition, if the use of lignin in water purification
is commercialized in the future, large amounts of lignin saturated with heavy metal ions, such as
copper, can easily become available. To the best of our knowledge, the application of lignin as a support
material for copper in gas purification has not been reported previously. The present study focused
on establishing copper adsorption mechanisms on a lignin structure and determined their removal
capacity toward H2S. The results offer an initial insight into potentially extending the value chain of
lignin into biogas cleaning, going beyond water purification. The system was tested for the treatment of
a model system consisting of H2S in N2 in order to characterize the process under controlled conditions.
H2S is the dominant sulfur compound in many applications, including biogas [23–25], and its removal
will not be significantly influenced by the presence of small amounts of other sulfur compounds.
A lignin-Cu adsorbent would typically be applied as a final purification step to protect, e.g., catalysts
from sulfur poisoning [24,25]. It is therefore relevant to test a model system containing only H2S.

2. Materials and Methods

Softwood kraft lignin BioPiva 100 was purchased from UPM (Helsinki, Finland). Copper (II)
bromide and tetrahydrofurane (THF) were purchased from Sigma Aldrich (Vandtårnsvej, Denmark)
and used as obtained. Davison silica gel grade 12 60/80 mesh was sourced from Supelco Analytical
(Bellefonte, PA, USA). A hydrogen sulfide (H2S) gas cylinder (720 ppm) with nitrogen as a carrier gas
was procured from AGA (Fredericia, Denmark).

2.1. Copper Adsorption

Before further treatment, the kraft lignin was washed three times with Milli-Q water (Millipore,
Denmark) and dried at 45 ◦C. This process allowed for removing soluble compounds, e.g., sulfate
ions [26]. In one set of experiments, 2 g of washed kraft lignin was dispersed in a 0.15 M solution
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of CuBr2 and stirred overnight. The following day, lignin was separated via centrifugation, washed
several times, and dried at 45 ◦C before further use.

In the second set of experiments, washed kraft lignin was dissolved in THF, mixed with a CuBr2

water solution, and stirred overnight. The copper concentration (0.15 M) was kept the same as in the
previous experiment, while a particular THF:water ratio of 5:2 by weight was selected based on trial
and error to avoid precipitation. The following day, the THF was removed using a rotary evaporator
and the lignin particles were washed with water several times and dried at 45 ◦C before further use.

Thermogravimetric analysis (TGA) was used to establish the amount of copper adsorbed on solid
lignin. Kraft lignin powder before and after adsorption was heated from room temperature to 800 ◦C
at a rate of 10 ◦C/min under nitrogen.

2.2. H2S Removal Experiments

For the H2S removal experiments, lignin was mixed with Davison porous silica in a 1:3 weight
ratio and the adsorption experiments were repeated in the same manner. The H2S removal experiments
were performed in a laboratory-developed test at room temperature to determine the capacity of
lignin (with adsorbed copper) for H2S removal. Controls utilizing only silica with adsorbed copper,
silica without adsorbed copper, and a silica/lignin mixture without adsorbed copper were tested to
enable normalization and to calculate the adsorption capacity of lignin.

The material was packed in a Teflon column (length 90 mm, inner diameter 3.2 mm, 0.5 g of
adsorbent material) by placing glass wool on both ends of the column to prevent material loss during
the experiments. The H2S was diluted with compressed air and the flow rates were controlled with
gas mass flow controllers (Bronkhorst EL FLOW, Ruurlo, The Netherlands). Air containing 5 ppm
of H2S (the H2S concentration was chosen after initial screening tests) was passed through a Teflon
column at 300 mL/min. To determine the influence of moisture on the H2S removal, the experiments
were performed utilizing non-conditioned compressed air (14% relative humidity (RH)) and air passed
through a water impinger to obtain 90–100% relative humidity.

A proton-transfer-reaction mass spectrometer (PTR-MS, Ionicon Analytik GmbH, Innsbruck,
Austria), which allowed for online data collection, was used for monitoring the H2S (mass-to-charge
ratio (m/z) of 35) removal by measuring after the adsorption column. The instrument used was a
high-sensitivity quadrupole PTR-MS. The PTR-MS was operated under standard drift tube conditions
with a voltage at 600 V and pressure close to 2.2 mbar, while the inlet and chamber temperature was
set to 75 ◦C.

The experiments were stopped when a 10% (0.5 ppm of H2S) breakthrough was reached. An empty
column was run before the actual experiment in order to establish the maximum measured level of
H2S with PTR-MS under the set conditions. Although silica gel is hydrophilic, the humidity did not
affect any of the packed columns over the course of the experiments to any significant degree. The H2S
signal was therefore not corrected for humidity dependency in order to determine percentage removal
efficiency [27]. The removal capacity was calculated based on the inlet and outlet H2S concentrations,
flow rate, breakthrough time, and the volume of adsorbent material.

2.3. X-ray Photoelectron Spectroscopy (XPS)

The XPS analyses were performed with a Kratos Axis UltraDLD spectrometer (Kratos Analytical
Ltd., Manchester, UK) using a monochromated Al X-ray source (1486.7 eV) operated at 150 W and
pressure in the main chamber in the 10−9 torr range. The information collected was related to
approximately the top 10 nm of the sample surface. Survey scans were performed with a 1.0 eV step
size and a 160 eV analyzer pass energy, while the high-resolution scans were recorded at a 20 eV pass
energy and a 0.1 eV step size. The spectra were processed using CasaXPS software (Version 2.3.20,
Casa Software Ltd., Terrace Teignmouth, UK) and calibrated by setting the main C1s peak to 284.8 eV.
The atomic surface concentration (atom%) was determined from the survey spectra and represents the
average of the measurements taken at two different spots on each sample.
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3. Results and Discussion

3.1. Copper Adsorption

The formation of stable surface complexes between the Cu(II) cations and the lignin substrate has
been documented [28]. The surface of lignin particles is rich in functional groups, such as carboxyl
and alcohol groups, that have a high affinity toward metal ions. The softwood kraft lignin used
in this study was previously characterized to have 0.5 mmol/g of carboxyl groups, 2.0 mmol/g of
aliphatic OH, and 4.8 mmol/g of various phenolic OH species [29]. Past research has shown higher
adsorption of copper ions on lignin at higher pH levels in general [30,31], suggesting the importance of
deprotonating surface carboxyl groups for obtaining a high adsorption capacity. At the same time, for
certain metal ions, such as Fe(III), coordination with phenolic oxygen was established [32] and should
not be neglected. Figure 1 shows the thermogravimetric analysis for kraft lignin and the samples with
adsorbed copper. TGA is a technique that is broadly used to study the adsorption of materials [33–36],
and in the present study, it allowed for establishing the amount of copper adsorbed on powder lignin.
Kraft lignin had a residual weight of around 40% at 800 ◦C, which is in line with other research results
for softwood kraft lignin with the same applied heating rate [37]. As expected, samples with adsorbed
copper had a higher residual weight at 800 ◦C compared to pure kraft lignin. The copper adsorption
capacity of lignin was calculated based on the TGA curves as the difference between the residual
weight at 800 ◦C for lignin before and after adsorption. When Cu(II) was adsorbed on lignin particles,
a capacity of 14 ± 5 mg/g of lignin was determined, in agreement with previous results for various
lignin particles [30,31,38–40].
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On the other hand, by dissolving lignin in the THF/H2O mixture and later precipitating it,
the capacity for copper adsorption increased several times to 72 ± 13 mg/g of lignin. By solubilizing
lignin, thus disentangling the polymer structure and solvating all the functional groups [41], the number
of functional groups accessible to copper ions increased compared to the particle form, thereby
increasing the total number of adsorption sites for copper ions. This effect can be considered as a
general concept regarding the accessibility of functional groups. For example, Sun et al. [42] have
shown with the use of qNMR combined with wet chemistry that the accessible amine content is
lower on modified silica particles compared to the amine content of the same dissolved silica. It is
well known that in solution, Cu(II) can form complexes of various stabilities with amines, acids,
and hydroxy-acids [43]. For hydroxy-acids, such as dihydroxybenzoic acid, it has been shown that
Cu complexes can remain stable without being dissolved through a combination of electrostatic
interactions and an extended network of hydrogen bonds due to retention of water molecules [44].
Similar mechanisms are likely involved for macromolecular lignin-Cu complexes; thus, once copper
is complexed in solution, it can remain stable upon precipitation. Considering all these, it is not
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surprising that the adsorption capacity increased for the same lignin. Metal ion adsorption on lignin is
most often exploited for water purification, in which case, adsorption on already-formed particles is the
most logical route [17]. However, this result shows that for other applications, alternative approaches
should also be considered.

3.2. H2S Removal Experiments

The performances of the materials for H2S adsorption were characterized in terms of the
breakthrough capacity using the method described in Section 2.2. The utilized PTR-MS instrument
allowed for continuous and direct measurement of the H2S levels with a time resolution of 100 ms.
Figure 2 shows an example of breakthrough curves during screening tests for a system with and
without adsorbed copper. It was clear from the tested controls that without copper, breakthroughs
were occurring practically immediately and that copper was responsible for the H2S removal from
the air stream. Initially, tests were done by filling the column with only lignin. However, due to the
kraft lignin powder packing density and low porosity of the particles, it was not possible to obtain
stable airflow through the column (because of the large pressure build-up and likely occurrence of
air channeling). The typical surface area of kraft lignin powder is in the range of 0.1–30 m2/g [45–47],
which is low for powder adsorbents, and for this reason, Davison porous silica gel with a surface area
of 750 m2/g (data obtained from the supplier) was introduced. The selected 3:1 weight ratio of silica
powder to lignin powder provided a distribution of particles in the column such that there was no
airflow fluctuation through the column during the experiment. Tests were also made with only porous
silica as the adsorbent material (with and without copper) to enable the normalization of the results for
lignin/silica mixtures.
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Figure 2. (a) Adsorption curves of H2S for the silica particles (orange line) and a blend of silica and
kraft lignin particles with (red line) and without (black line) adsorbed copper. (b) Continuation of the
experiment for the blend of particles with adsorbed copper (red line).

Table 1 shows the determined breakthrough capacities for H2S removal. It can be seen that the
higher removal capacity was obtained for the system that could adsorb more copper since the native
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materials (silica and kraft lignin) did not show tendencies toward adsorbing H2S at significant levels
(data not shown). Past research has shown that the levels of copper adsorption by non-modified
amorphous silica are around 5 mg/g [48–50], which is lower than the determined value for the two
lignin systems herein and is likely the reason for the lower H2S removal capacity of silica.

Table 1. H2S adsorption capacities in milligrams per gram of adsorbent material for copper-adsorbed
silica, copper-adsorbed kraft lignin particles, and copper-adsorbed kraft lignin obtained via precipitation
from a solution, which was tested at low and high relative humidities.

Sample
H2S Adsorption Capacity (mg/g)

Low Relative Humidity
(14% RH)

High Relative Humidity
(90–100% RH)

Porous silica/Cu(II) 0.62 ± 0.02 0.38 ± 0.05
KL particles/Cu(II) 0.90 ± 0.39 0.52 ± 0.11

KL precipitated from
solution/Cu(II) 2.05 ± 0.40 1.80 ± 0.60

The highest removal capacity was determined for lignin precipitated from solution with adsorbed
copper at the level of 2 mg H2S/g of lignin, which is multiple times lower compared to, e.g., activated
carbon [51]. In the current work, our main goal was to study the reactivity and no effort has been
made to increase the porosity and surface area of the material. Therefore, it was not expected that
the non-modified kraft lignin could reach the performance of specifically activated carbons with very
high surface areas. However, certain H2S removal technologies for gas purification, such as amine
absorption and biological purification, struggle to completely remove H2S [5], while implementation in
national grids requires H2S concentrations under 5 ppm and applications in fuel cells can require levels
below 0.1 ppm [3,52]. This suggests that if the processing conditions and the price levels are convenient,
one can potentially utilize the lignin-Cu adsorbents as an additional post-treatment purification system
for H2S removal for, e.g., fuel cell applications or biogas upgrading that require particularly low levels
of H2S. This would mean that lignin-Cu would be used for the treatment of pretreated relatively clean
gas (with respect to co-contaminants). Regarding processing, solid adsorbents are easy to handle, but in
order to use lignin as a sole powder adsorbent (and without carbonization), the porosity and surface
area of the particles would need to be increased without substantially reducing the concentration of
functional groups. Examples of such methods could be related to the works of Li et al. [53] or Cantu
et al. [54]. Specific modification of lignin can further increase the metal ion capacity, where values
as high as 400 mg of Cu(II) per gram of lignin-based adsorbent have already been achieved via the
carboxymethylation of lignin [55], where the H2S removal capacity could be enhanced in that manner.
Increasing the capacity would also make studying the copper recovery relevant, which regarding
lignin-based adsorbents, currently relies on desorption at low pH levels [56,57].

Biogas is typically saturated with water that is removed during the upgrading process [58]. H2S
removal technologies, such as iron oxides and activated carbons, require a certain level of humidity in
order to achieve high removal capacities, but too high a water content can negatively influence the
process [58,59]. The humidity is believed to enable H2S dissociation on the surface of the carbon, which
promotes redox reactions with dissociatively adsorbed oxygen [51]. For these reasons and to obtain a
better understanding of our system, it was important to study whether the humidity level influenced
the adsorption capacity and the H2S removal mechanisms. In our experiments, by saturating the air
with humidity, the adsorption capacity decreased by 10–40% (Table 1) for all the samples; this issue is
further discussed in the following section.

3.3. X-ray Photoelectron Spectroscopy

After the H2S adsorption, the silica samples and silica/kraft lignin samples with a higher capacity
were collected and studied using XPS in order to understand the mechanisms and determine whether
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copper (II) sulfide was formed or a reaction was occurring on the adsorbent material. The determined
peak positions are summarized in Table 2, while Figure 3 shows the copper and sulfur 2p XPS spectra
for the silica sample.

Table 2. X-ray photoelectron spectroscopy data for adsorbent materials after H2S removal.

Sample Cu 2p3/2 S 2p3/2 Cu (LMM *)

Porous silica/Cu(II) 932.4, 933.5 162.7 568.4, 571.7
Porous silica/Cu(II) (adsorption at 90–100% RH) 932.4, 933.5 162.9 568.9, 572.3

Porous silica/KL precipitated from solution/Cu(II) 933.1 163.8 571.6
Porous silica/KL precipitated from solution/Cu(II)

(adsorption at 90–100% RH) 933.6 164.0 571.6

* LMM = Auger transition.

The two Cu 2p3/2 peaks of 932.4 eV and 933.5 eV were both assigned to monovalent Cu(I) with
a formal oxidation state +1 (Cu2−xS) [60]. The binding energy of 933.5 eV is also characteristic of
Cu(II) [61], but the absence of a shake-up satellite peak (at approximately 944 eV) [62] excluded this
possibility. The first peak at 932.4 eV was 0.2–0.3 eV lower than the value expected for CuS and indicated
a S-rich nonstoichiometric environment. This was confirmed by the S 2p3/2 peak at 162.7–162.9 eV,
which is higher than the typical S 2p3/2 peaks for Cu2S that are expected at 161.7–161.9 eV [63].
The presence of the two peaks in Figure 3b arose from a spin–orbit splitting between the S 2p1/2 and
S2p3/2 states. Finally, the Cu (LMM) peak at 568.7–568.9 eV confirmed that the formal oxidation state of
copper was Cu(I), since for Cu (0), the peak is expected at 568.1 eV [64]. To summarize, on the porous
silica sample after H2S adsorption, the formal oxidative states could be confirmed as +1 for copper and
−1 for sulfur.
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Figure 3. The (a) copper 2p3/2 and (b) sulfur 2p3/2,1/2 X-ray photoelectron spectra of the silica sample
after H2S adsorption. CPS: Counts per second, BE: Binding Energy.
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For the sample that was a silica/lignin mixture, the situation was found to be somewhat different
(Figure 4). The position of the S2p3/2 163.8–164.0 peak could be ascribed to elemental S0 [65].
Another possibility does exist, as unpassivated sulfur atoms in a Cu2−xS compound were found at
a similar position [60]. Regarding copper, similar observations were made as that of the previous
sample. Cu(II) and Cu0 oxidation states were excluded in the same manner. The Cu 2p3/2 peaks at
933.1–933.6 eV were assigned to Cu(I) in a Cu-rich environment, which could explain the high binding
energy compared to Cu2S, while the Cu (LMM) at 571.6 eV was higher than expected for Cu(I), as has
been observed before [64]. It was interesting to see that while the situation with copper did not change
substantially, in the presence of lignin, the dominant form of sulfur was its elemental form. It seems
that in the presence of lignin, the electrochemical potential of the reaction changed, allowing for a
higher oxidative state of sulfur to emerge. It was previously found that the adsorption of transition
metal ions, such as iron, on polymeric lignin model compounds can be responsible for the oxidation of
phenolic groups to species like semiquinonic radicals [66]. The occurrence of these and other types of
radicals, for example, hydroxyl radicals, can explain the formation of elemental sulfur.
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Figure 4. The (a) copper 2p3/2 and (b) sulfur 2p3/2,1/2 X-ray photoelectron spectra of porous silica/KL
precipitated from the solution/Cu(II) sample after H2S adsorption.

When we observe the peak positions for all the samples in Table 2, it is clear that the mechanisms
involved were the same, irrespective of the relative air humidity. It appears that low relative humidity
is sufficient for effective changes in oxidative states of copper and sulfur, likely by enabling the
dissociation of H2S on the surface of the adsorbent material. As the mechanisms are the same, a lower
H2S adsorption capacity with 100% relative humidity of air (Table 1) is possibly explained by water
molecules competing for the same sites on the adsorbent material. Another possibility could be the
development of a similar situation observed with iron oxides, where water is necessary for the redox
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process, but a high water content leads to a decrease in available adsorption sites since the oxide
surface area decreases due to the adsorbent material sticking together [58].

4. Conclusions

This study has shown that during H2S adsorption in the presence of kraft lignin, elemental
sulfur was formed, while the oxidation state of copper changed to +1. By first solubilizing lignin,
it was possible to increase the copper adsorption by several times compared to the adsorption on
already-formed lignin particles, and thus, improve the H2S removal capacity. The observed H2S
removal capacity of 2 mg/g of kraft lignin was low and it is clear that to consider the utilization of
lignin from this perspective, further studies should be done. For instance, introducing porosity into
lignin particles, along with increasing the adsorption of transition metal ions by specific chemical
modifications, would positively influence the removal capacity.
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Abstract: Wood-based TEMPO-oxidised cellulose nanofibrils (toCNF) are promising materials for
biomedical applications. Cyclodextrins have ability to form inclusion complexes with hydrophobic
molecules and are considered as a method to bring new functionalities to these materials.
Water sorption and mechanical properties are also key properties for biomedical applications
such as drug delivery and tissue engineering. In this work, we report the modification with
β-cyclodextrin (βCD) of toCNF samples with different carboxyl contents viz. 756 ± 4 µmol/g and
1048 ± 32 µmol/g. The modification was carried out at neutral and acidic pH (2.5) to study the effect
of dissociation of the carboxylic acid group. Films processed by casting/evaporation at 40 ◦C and
cryogels processed by freeze-drying were prepared from βCD modified toCNF suspensions and
compared with reference samples of unmodified toCNF. The impact of modification on water sorption
and mechanical properties was assessed. It was shown that the water sorption behaviour for films is
driven by adsorption, with a clear impact of the chemical makeup of the fibres (charge content, pH,
and adsorption of cyclodextrin). Modified toCNF cryogels (acidic pH and addition of cyclodextrins)
displayed lower mechanical properties linked to the modification of the cell wall porosity structure.
Esterification between βCD and toCNF under acidic conditions was performed by freeze-drying, and
such cryogels exhibited a lower decrease in mechanical properties in the swollen state. These results
are promising for the development of scaffold and films with controlled mechanical properties and
added value due to the ability of cyclodextrin to form an inclusion complex with active principle
ingredient (API) or growth factor (GF) for biomedical applications.

Keywords: nanocellulose; β-cyclodextrin; cryogels; films

1. Introduction

Cellulose nanofibrils (CNFs) are high-aspect ratio nanoparticles formed by bundles of cellulose
chains that are a succession of glucose subunits linked by β-1-4 glycosidic bonds. CNFs are produced
from a cellulosic raw material, usually wood, the most abundant and renewable polymer available on
earth. CNFs are produced by a combination of chemical/enzymatic pretreatments and mechanical
treatment, usually using a homogeniser [1], a microfluidiser [2], or a grinder [3]. The variety of
existing pretreatments [4] allows for a variety of surface chemistries, making CNF materials suitable
for many applications [5]. CNFs pretreated in the presence of (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl,
also known as TEMPO, proposed by Saito et al., 2006, which consists of the regioselective oxidation
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of C6 primary hydroxyls of cellulose to C6 carboxylate groups, have been considered in a wide
variety of applications due to its carboxyl content and reduced size [6,7]. CNFs are generally used in
two different forms: either as films/nanopapers or as gels and can be used as rheology modifiers or
emulsion stabilisers and additives in many applications. Films are obtained by solvent casting [8–10],
and nanopapers are obtained by filtration [11,12]. Three types of gels can be identified: hydrogels,
cryogels obtained by freeze-drying, and aerogels obtained by supercritical drying [13,14]. For many
applications, water sorption properties are important. The TEMPO-oxidised cellulose nanofibrils
(toCNF), like cellulose, are hygroscopic materials, which means that they can attract and retain water
molecules from their environment by absorption or adsorption [10]. The impact of process parameters
on cryogels mechanical properties have been previously studied [14–19], highlighting the importance
of density and preparation method on the mechanical properties.

As a natural, biodegradable, and abundant polymer with reactive surface chemistry and good
biocompatibility, nanocellulose is a promising material within the medical field. In recent years,
applications in wound healing [20,21], drug delivery [9], and tissue engineering [22] have been
investigated. In tissue engineering, the scaffold should stimulate cells to differentiate, proliferate, and
form tissue. The interplay between the matrix and cells should be driven by the action of signals, which
can be a mechanical stimulation, chemical compounds, or growth factors (usually proteins) [23]. To be
suited for tissue engineering applications, scaffolds needs to exhibit stiffness similar to the natural
extra-cellular matrix (ECM) of the tissue to be repaired and measured by the elastic modulus E. Typical
values of stiffness of ECM are 0.1–1 KPa for brain tissue, 8–17 KPa for muscle tissue, and 25–40 KPa for
the cross-linked collagen matrix [24,25]. Another crucial aspect for tissue engineering application is the
scaffold architecture. A high porosity is needed to promote the cellular penetration and an adequate
diffusion of nutrients to the cells [26].

The utilisation of wood-based CNFs for tissue-engineering applications is encouraged by recent
studies that confirmed the safety of CNFs [27–30], the construction of cell-friendly porous structures [14],
and the control of mechanical properties [31,32]. In addition, CNFs, in the form of a highly entangled
network, have shown the ability to retain the active principle ingredient up to several months [9].
However, major challenges for biomedical applications are yet to be overcome, such as increasing
the bioavailability of drugs, as most new drugs are described as poorly soluble [33], and controlling
the delivery kinetics of active principle ingredient (API). To address these issues, this research study
proposes the use of cyclodextrins (CD).

Cyclodextrins are cyclic oligosaccharides consisting of glucose subunits linked by α-1-4 glycosidic
bonds. Due to their conformation, with a hydrophobic interior and a hydrophilic exterior, these
macromolecules exhibit cage-like properties and can form an inclusion complex with hydrophobic
compounds [34,35]. These properties have led to their use in various fields, such as cosmetics, food,
environment, and medicine [36–38]. Regarded as safe, they are widely used as an excipient in
the pharmaceutical field [39,40]. For such applications, β-cyclodextrin (βCD), a cyclodextrin with
seven glucose subunits, and its derivatives are the most commonly used [33,41]. βCD are also of
a great interest for tissue engineering applications, with their properties to encapsulate lipophilic
compounds proven to improve the performance of scaffolds [42–44]. This property could also lead to
the immobilisation of the growth factor [45] or drug delivery [39] during the cell growth to optimise the
effect of the scaffold. Previous studies reported the association of cyclodextrin with various cellulose
derivatives [46,47]. The association between CDs and CNFs or cellulose nanocrystals (CNCs) has been
attempted in a very few and recent studies, summarised in Table 1. To the best of our knowledge,
no study presents the impact of βCD on both the sorption and the mechanical properties of toCNF
substrates (films or cryogels).

The aim of the present study is to modify toCNF with βCD (preferably with covalent linkage) and
to see what kind of effect this surface functionalisation has on the sorption and mechanical properties.
Thus, a comparison with the same structures using unmodified toCNF is necessary. For that purpose,
two suspensions of toCNF with different charge contents were prepared. Fibre modification with
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cyclodextrins was carried out at neutral and acidic (pH 2.5) to study the effect of the dissociation of
the carboxylic acid group. Films, processed by casting/evaporation at 40 ◦C and cryogels, processed
by freeze-drying were prepared from βCD-modified toCNF and compared with reference samples
of unmodified toCNF. Water sorption was evaluated gravimetrically for both films and cryogels.
The impact of density on the mechanical properties of the cryogels was assessed for cryogels obtained
from unmodified toCNF and prepared by freeze-drying from suspensions at different dry matter
contents for both charge contents. Compression tests in the dry and swollen state were performed
on cryogels from all suspensions, and microscopic observation (SEM) was carried out to link the
mechanical behaviour to the macroscopic structure of the materials.

Table 1. Previous works on the association nanocellulose-cyclodextrin. CNFs: cellulose nanofibrils,
toCNFs: TEMPO-oxidised cellulose nanofibrils, HP-CNFs: hydroxypropyl cellulose nanofibrils,
CNCs: cellulose nanocrystals, βCD: β-cyclodextrin, CMβCD: carboxymethyl- β-cyclodextrin, HPβCD:
hydroxypropyl-β-cyclodextrin.

Nanocellulose CD Functionalisation Strategy Application Source

toCNFs βCD Direct grafting Release of essential oil [48]
CNFs βCD Cross-linking with citric acid Depollution [49]

toCNFs CMβCD Amidation via EDC/NHS Depollution [50]
HP-CNFs HPβCD Electrospinning Drug release [51]

CNFs βCD Coating/Adsorption Drug release [52]
CNFs βCD Cross-linking with citric acid Antibacterial packaging [53]
toCNF βCD Noncovalent interaction Drug Delivery/ Tissue Engineering [29]

toCNCs βCD/HPβCD Direct grafting Release of essential oil [54]
CNCs βCD Grafting with

epichlorohydrin
Tissue engineering [55]

CNCs βCD Crosslinking with fumaric
and succinic acid

Release of essential oil [56]

CNCs βCD Ionic interaction Drug delivery [57]
CNCs βCD Grafting with

epichlorohydrin
Supramolecular hydrogels [58]

2. Results and Discussion

TEMPO-oxidised cellulose nanofibril suspensions were successfully produced. The amounts of
carboxylic groups were determined to be 756 ± 4 µmol/g and 1048 ± 32 µmol/g. Films and cryogels
were processed from the two different toCNF suspensions in four different conditions presented in
Table 2.

Table 2. Samples codes.

Sample Code βCD pH

1
0

Neutral
2 Acidic
3

10 wt%
Neutral

4 Acidic

The suspension with 756 µmol/g carboxyl content will be referred as L-toCNF in the text; hence,
samples from L-toCNF will be labelled L1, L2, L3, and L4. Similarly, the suspension with 1048-µmol/g
carboxyl content will be referred as H-toCNF; i.e., samples from H-toCNF will be labelled H1, H2,
H3, and H4. Figure 1 shows atomic force microscopy (AFM) pictures of the nanofibers obtained for
both charge contents. Similar and slightly thinner fibrils were obtained for the most oxidised cellulose,
as expected.
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Figure 1. Atomic force microscopy (AFM) images of L-toCNF (left) and H-toCNF (right). toCNFs:
TEMPO-oxidised cellulose nanofibrils. L and H are low and high contents, respectively.

2.1. Water Sorption Analysis

2.1.1. Films

Water sorption of films was assessed gravimetrically in a Percival climatic chamber at 25 ◦C and
90% relative humidity (RH) for 48 h. Figure 2 displays the time dependence of water sorption for
films with various carboxyl contents and casting conditions (casting pH and amount of cyclodextrin).
Sorption equilibriums and % of sorption equilibriums after 30 min are reported in Table 3.

Figure 2. Water sorption as a function of time of conditioning at 25 ◦C 90% relative humidity (RH) for
L-toCNF (left) and H-toCNF (right).

Table 3. Sorption equilibrium after 48 h and % of sorption after 30 min for low-charge content cellulose
nanofibrils (L-toCNF) films and high-charge content cellulose nanofibrils (H-toCNF) films.

Sample Water Sorption Equilibrium after 48 h (wt%) % of Sorption after 30 min

L-toCNF H-toCNF L-toCNF H-toCNF
1 21.5 ± 0.2 23.2 ± 0.2 77.6 ± 0.2 76.7 ± 1.2
2 28.3 ± 0.3 32.3 ± 0.6 69.3 ± 2.0 62.9 ± 2.1
3 18.6 ± 0.1 19.0 ± 0.4 82.0 ± 1.5 83.9 ± 0.9
4 25.2 ± 0.5 27.1 ± 0.5 67.9 ± 2.0 74.1 ± 0.5

For each sample of both L-toCNF and H-toCNF, the sorption equilibrium was reached after
approximately 4 h, which indicates that this property is not dependent of any of the variable parameters
in this study. Table 3 reports the sorption equilibrium obtained after 48 h. It is slightly higher for
H-toCNF samples compared to L-toCNF: + 1.9% for raw suspension samples (condition 1), + 4% for
pH 2.5 samples (condition 2), + 0.4% for 10 wt% CD samples (condition 3), and + 1.9% for 10 wt%
CD/pH 2.5 samples (condition 4). For both charge contents, the same dynamic between the different
casting conditions was observed: sample 3 < 1 < 4 < 2. The carboxylic content at acidic pH is in
its carboxylic acid form, hence increasing the water sorption by forming more H-bound with water
molecules than in neutral conditions. Cyclodextrins, by adsorbing onto the toCNF fibres, decreases the
water sorption ability. For hygroscopic cellulosic materials, the two mechanisms of sorption, namely
adsorption and absorption, need to be considered. In addition, depending on the surface chemistry
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of the fibres, sorption can be either slow or fast [59]. In the case of toCNF, due to their hydroxyl and
carboxylic surface groups, sorption occurs quite fast. We can distinguish also two mechanism of
sorption: direct sorption, which corresponds to the water molecules that form hydrogen bonds directly
with toCNF, and indirect sorption, which corresponds to water molecules that bind with already bound
water molecules [10]. Interfibril interactions, on the other hand, may inhibit swelling [60], because the
increase in volume of hydrated nanofibrils can be slowed down by other nanofibrils and water binding
to the nanofibrils reduces the interfibril binding. While adsorption is a fast process, absorption occurs
more slowly, with less water molecules penetrating the inner surface and amorphous regions [61].
SEM images of the cross-section of films (Figure 3) show the same laminar structure with a similar
density, regardless the carboxyl content and casting conditions.

Figure 3. SEM images of the cross-section of films casted from suspensions H1 (a), H2 (b), H3 (c),
and H4 (d).

In addition, the sorption equilibrium was achieved within a relatively short period of time, with
about 65% of the sorption equilibrium reached after 30 min for films cast in acidic conditions, up to
around 80% for films containing cyclodextrins. The difference in sorption equilibrium observed
between L-toCNF and H-toCNF can be linked to the number of carboxylic functions prone to form
H-bonds with water molecules, which is higher for H-toCNF than for L-toCNF. The increase in sorption
for films prepared under acidic conditions is explained by the acid form of the carboxylic groups,
which is more prone to form H-bonds with water molecules than the carboxylate form at neutral pH.
Finally, the decrease in sorption with the addition of cyclodextrin is thought to be due to the adsorption
of β-CD on the surface of the fibres, which could decrease the amount of water bounded to the fibres.
Water sorption is mainly driven by adsorption and chemical makeup-dependent. For a given drying
temperature, the water sorption can be slightly tuned by varying the process parameters, which is
an interesting property for drug delivery applications, where swelling and sorption properties are
important for the delivery kinetics.
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2.1.2. Cryogels

Water sorption tests for cryogels were conducted gravimetrically. The cryogels were weighted
and immersed in distilled water and then removed at different time intervals. Tissue paper was used
to remove excess water prior to weighing. For both charge contents, the swelling equilibrium was
reached after the first measurement at 15 min, as shown in Figure 4. The swelling equilibrium after
3 h was 4871 ± 471% and 4890 ± 141% for L-toCNF and H-toCNF samples, respectively. According
to these results, cryogels were immersed 1 h before compression to study the mechanical properties
of swollen cryogels so that they would be at swelling equilibrium. It also appeared that the charge
content does not have a significant impact on the sorption equilibrium, suggesting that the absorption
mechanism in immersion is mainly driven by the porosity and the pore morphology, which are not
strongly affected by the charge content.

Figure 4. Water sorption for toCNF cryogels in immersion.

2.2. Mechanical Characterisation

Compression tests were carried out on cryogels of cylindrical shape. The density of each sample
was determined by dividing the mass of each cryogel by its volume. The volume of the cryogels was
measured from height and diameter measurements using a calliper. In each case, the compression
curve can be divided into three different regions: For low-strain values, the compression stress increases
linearly with the strain in the elastic domain up to the yield point. The compression modulus was
calculated at a strain corresponding to half the yield stress in order to be reproducible between all
samples. For strains higher than the yield point, the plastic region was reached. In this region the stress
increases with the strain with significant residual deformation after unloading. For high compressive
strains, the curves exhibited a sharp increase in the compressive stress, typical of a densification regime.

This behaviour has previously been reported for cellulose-based foam materials [15,16,18,19].
The cryogels obtained are closed-cell wall foams, as observed in Figure 5. In such materials, elasticity
is caused by the stretching of the cell walls, plastic deformation occurs when the cells are starting to
lose their integrity, and densification occurs when cells collapse on themselves, reducing porosity and
causing the cryogels to behave like the solid itself [62,63].

Figure 5. SEM images of the cross-section of toCNF cryogel.
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2.2.1. Impact of Density

Compression tests were carried out on cryogels with four different densities prepared from
toCNF with both charge densities. Variations of the different properties (compression modulus,
normalised compression modulus, and maximum stress at 70% deformation) with the relative density
are presented in Figure 6, and numerical values are summarised in Table 4. The results for L-toCNF
and H-toCNF are similar for all densities, indicating that the charge content has no major impact on
the mechanical properties under the process conditions tested. All the properties increased with the
density, quite linearly for the compression modulus, and the maximum stress at 70% deformation,
while the normalised compression modulus seems to stabilise for densities higher than 15 mg/cm3

(which corresponds to a relative density of 0.01). It is worth noting that the normalised compression
modulus withstands a huge decrease for relative densities lower than 0.008. Density is of major
importance for the mechanical behaviour of cryogels, and by controlling the density, it is possible to
tailor the mechanical properties of the cryogel.

Figure 6. Relative density dependence of the compression modulus, normalised compression modulus,
and maximum stress at 70% deformation for L-toCNF and H-toCNF cryogels.

Table 4. Mechanical properties for toCNF at various densities.

Initial Dry
Content

Porosity (%) Compression
Modulus (kPa)

Normalised
Compression Modulus

(kPa·mg−1·cm3)

Maximum Stress at
70% Deformation

(kPa)

L-toCNF H-toCNF L-toCNF H-toCNF L-toCNF H-toCNF L-toCNF H-toCNF

0.4 wt% 99.6 99.6 17 ± 2 18 ± 3 3.0 ± 0.3 3.1 ± 0.6 15 ± 1 13 ± 1
0.6 wt% 99.4 99.4 68 ± 5 71 ± 9 7.8 ± 0.6 8.2 ± 1.0 35 ± 1 35 ± 1
0.8 wt% 99.2 99.2 102 ± 10 125 ± 4 9.0 ± 0.9 10.9 ± 0.4 53 ± 1 57 ± 2
1 wt% 99.0 99.0 170 ± 14 165 ± 13 11.8 ± 0.9 11.3 ± 0.9 83 ± 1 84 ± 1

2.2.2. Impact of pH and Cyclodextrins on Dry Cryogels

Cryogels were prepared from the four compositions by freeze-drying the nanofibril suspensions.
SEM images of the cross-section of the cryogels are presented in Figure 7. For all cryogels, closed-cell
wall structures are observed, organised as an alveolar structure.

229



Molecules 2020, 25, 2381

This specific orientation of porosity is due to the freeze-drying process. Indeed, freezing occurred
from the bottom part of the freeze-dryer, resulting in the growth of ice in a specific direction, leading to
anisotropy in the pore orientation.

Figure 7. SEM images for toCNF cryogels. From Top to bottom: cryogels from suspensions 1/2/3/4.

In addition, we can observe that the structure of the cell walls for modified toCNF cryogels
presents more structural deflects (holes and folds) than the unmodified toCNF one. Compression tests
were carried out on cryogels prepared from the four compositions for both charge contents. Typical
stress-strain curves for each composition are presented in Figure 8.
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Unmodified toCNF cryogels (H1 and H2) exhibit clear elastomeric behaviours, with well-defined
linear elastic zones up to a strain of about 0.2, followed by a compression plateau and a densification
for higher strains. For modified toCNF cryogels (H3 and H4), the linear elastic zone is restrained to
lower strain values, and the yield point is less marked. The deflects observed in Figure 7 in the cell
walls for modified toCNF cryogels oppose the elastic buckling of the cells, explaining the small elastic
region for modified cryogels. The density, compression modulus, normalised compression modulus,
and maximum stress at 70% deformation for each type of cryogel and for both charge contents are
summarised in Table 5.

Table 5. Mechanical properties of to-CNF cryogels of different compositions.

Cryogel Density (mg/cm3)
Compression

Modulus (kPa)

Normalised
Compression Modulus

(kPa·mg−1·cm3)

Maximum Stress at
70% Deformation

(kPa)

L-toCNF H-toCNF L-toCNF H-toCNF L-toCNF H-toCNF L-toCNF H-toCNF

1 14.89 ± 0.47 16.07 ± 0.57 104 ± 13 150 ± 10 7.0 ± 0.8 9.4 ± 0.8 64 ± 3 65 ± 3
2 25.32 ± 0.84 20.82 ± 1.08 34 ± 6 76 ± 6 1.4 ± 0.2 3.7 ± 0.3 58 ± 7 63 ± 3
3 17.91 ± 0.60 18.45 ± 1.66 59 ± 10 84 ± 13 3.3 ± 0.5 4.7 ± 0.3 42 ± 2 43 ± 2
4 20.85 ± 0.96 26.41 ± 2.19 37 ± 3 17 ± 3 1.8 ± 0.2 0.6 ± 0.1 59 ± 5 24 ± 4

An increase in density can be observed for cryogels cast under acidic pH and with cyclodextrins.
The carboxyl content increases the interactions between the fibres in its carboxylic form, as it forms a
more densely packed structure. The adsorption of cyclodextrins on the surface of the fibres also increases
the interaction between fibres or creates local deflects in the fibres’ arrangement. Both mechanisms
impact the mechanical properties. The mechanical properties decrease when the density increases,
and the elastic region in the stress-strain curve also decreases for cryogels cast under acidic pH or
when containing cyclodextrins. It is also worth noting that the yield point is lower for modified
cryogels (pH and cyclodextrins) than for the unmodified one and that the plateau is less pronounced.
Since elasticity of foams is linked to the stretching of the cell walls and the plastic behaviour prior to
densification is linked to the compression of cells, the modification of fibre-fibre interactions under
acidic pH and/or with adsorption of cyclodextrin on the fibre surface is responsible for the modification
of the cell wall, thus the mechanical properties. Both charge contents exhibit a similar behaviour
for toCNF, toCNF pH 2.5, and toCNF 10 wt% CD, but a noticeable difference is observed for toCNF
10 wt% CD pH 2.5. For L-toCNF, the density decreases between pH 2.5 and 10 wt% CD pH 2.5,
while the normalised compression modulus and the maximum stress at deformation are quite similar.
For H-toCNF, the density increases between pH 2.5 and 10 wt% CD pH 2.5, while the normalised
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compression modulus and the maximum stress at 70% deformation decrease. Under these conditions
(10 wt% CD and pH 2.5), esterification occurred between the carboxylic acid of the toCNF and hydroxyl
groups of cyclodextrins, as evidenced by the attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectra shown in Figure 9.

Figure 9. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra for toCNF cryogels.

The peak observed at 1600 cm−1 corresponds to the carboxylate ions present on the surface of
the fibres introduced during TEMPO-mediated oxidation. For toCNF 10wt% CD pH 2.5, a peak at
1750 cm−1 can be observed which corresponds to the ester groups. The presence of this esterification
peak only for toCNF 10wt% CD pH 2.5 indicates that the esterification reaction occurred between
the hydroxyl groups of the cyclodextrins and the carboxylic acid groups of toCNF under acidic pH,
suggesting that the lyophilisation process allows the reaction by the removal of water. Considering the
respective charge contents for L-toCNF and H-toCNF, the efficiency of esterification might be higher
for H-toCNF, which can explain the decrease in mechanical properties observed for H4.

2.2.3. Difference Between Dry and Swollen Cryogels

Cryogels were immersed in water for 1 h prior to the experiment, and tissue paper was used to
remove excess water before compression. The changes in mechanical properties between the dry and
swollen states are summarised in Table 6. Comparison of the typical stress-strain curves for dry and
swollen cryogels are presented in Figure 10. For swollen cryogels, no clear elastic zone is observed.
The water molecules, by binding to the fibrils, inhibit interfibril interactions and, thus, largely reduce
the elastic behaviour. As a result, a significant decrease in mechanical properties is observed for each
sample tested, as illustrated in Table 6.
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Table 6. Diminution of mechanical properties between the dry and swollen states.

Compression Modulus
(kPa)

Diminution of
Compression Modulus (%)

Diminution of Maximum
Stress at 70% Deformation (%)

Casting
Conditions L-toCNF H-toCNF L-toCNF H-toCNF L-toCNF H-toCNF

1 45 ± 4 33 ± 4 −57 % −78% −4% −54%
2 9 ± 1 8 ± 1 −75 % −90% −82% −90%
3 6 ± 1 7 ± 1 −89% −92% −90% −89%
4 9 ± 1 9 ± 4 −77% −49% −82% −73%

Since no clear elastic deformation zone can be observed for swollen cryogels, the compression
modulus was calculated at a low strain (< 0.1) for comparison with dry cryogels. The decrease in
mechanical properties is more significant for H-toCNF (H1, H2, and H3 cryogels), which can be
explained by the higher charge content, making the fibres more sensitive to the adsorption of water
molecules. It is also worth noting that the decrease in mechanical properties is reduced for H4 in
comparison with L4, with respectively−49% and−77% decreases in the compression modulus compared
to their dry state. This behaviour could be explained by the esterification between cyclodextrin and
toCNF, cross-linking fibres, and making the structure less sensitive to water ad/absorption.

Esterification of βCD with toCNF under acidic conditions by freeze-drying was proven.
Nevertheless, some questions remain about the yield of grafting and the adsorption mechanism
between unbound cyclodextrins and toCNF. Given the chemical similarity between toCNF and βCD,
direct characterisation and quantification of grafting seems impossible, as a cyclodextrin with several
hydroxyl functions is likely to bind with the carboxylic acid of toCNF. Nevertheless, the presence of
multiple hydroxyl functions on both toCNF and βCD indicates a strong adsorption between these
two components. However, some cyclodextrins might be trapped in the ice phase during the freezing
process and, therefore, are not available for an esterification reaction during the freeze-drying phase.
In order to better quantify this adsorption and to be able to confirm that no material will be released from
the materials produced, further studies, in particular with the means of Quartz Crystal Microbalance
with Dissipation monitoring (QCM-D) and Isothermal Titration Calorimetry (ITC), will be conducted.
Additionally, a method adapted from [56] will be implemented, with the use of phenolphthalein (PhP).
The interactions between PhP and βCD, described by the authors of [64], could lead to an indirect
estimation of βCD available in the materials, and released measurements of βCD could lead to an
estimation of the portion of cyclodextrins linked (adsorbed/grafted) to toCNF.
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The compression modulus for swollen modified toCNF cryogels ranges between 6 and 9 kPa,
i.e., in the range of mechanical stiffness of muscle tissue, and the high porosities obtained (> 99% for
all conditions), which are mandatory to promote a good vascularisation, the diffusion of nutrients
to the cells, and tissue growth, made this structurally suited for tissue engineering applications.
Further studies will be focused on the mechanical properties of such materials under successive stress.
Nevertheless, to confirm the potential for tissue-engineering applications, cytotoxicity and degradation
studies need to be done in further work. However, βCD toCNF materials could be of a great interest
for other applications, such as filtration or depollution, using cyclodextrins to capture molecules of
interest rather than release them.

3. Materials and Methods

3.1. Materials

A mixture of bleached and never-dried spruce (picea abies ca. 75%) and pine (pinus sylvestries,
ca. 25%) cellulose pulp from Södra (Växjö, Sweden) was used as raw material. All chemicals used in
this study were of laboratory-grade quality purchased from Sigma-Aldrich, St. Louis, MO, USA.

3.2. Preparation of toCNF With Two Different Charge Contents

TEMPO-oxidised cellulose nanofibrils were produced according to a protocol adapted from [6].
Never-dried cellulose (110 g of cellulose content) was suspended in water (3 L) and stored overnight at
4 ◦C. The suspension was dispersed with a blender and mixed with a solution (400 mL) containing
TEMPO (1.375 g) and sodium bromide (13.75 g). Water was added to obtain a total volume of 8250 mL
(75-mL/g cellulose). TEMPO-mediated oxidation of cellulose was started by adding different amounts
of 13% NaClO: 2.5 mmol/g cellulose for a charge content of 750 µmol/g and 3.3 mmol/g cellulose for
a charge content of 1100 µmol/g. NaClO were added gradually, and the pH was maintained at 10.5
by adding 0.5M NaOH. The slurry was stirred for 15 min after the complete addition of NaClO, and
the pH was then dropped to 7 with 0.1-M HCl. Methanol (100 mL) was then added to the slurry.
The product was thoroughly washed with water by filtration until the conductivity of the filtrate was
below 5 µS/cm. Homogenisation was conducted using a Rannie 15 type 12.56 × homogeniser (APV, SPX
Flow Technology, Silkeborg, Denmark). The suspension was diluted to 1.2 wt% and dispersed with an
electric mixer. The fibres underwent two passes in the homogeniser at 600 bar and 1000 bar, respectively.
The final suspensions were stored at 4 ◦C.

3.3. Determination of the Charge Content

The carboxyl group content was determined by conductometric titration as described in previous
studies (e.g., [7,32,65]). NaCl (5 mL 0.1M) was added to a toCNF dispersion with 0.2-g solid content in
450 mL. The pH was adjusted to approximately 2.5 by addition of 0.1-M HCl and further diluted with
water to a total volume of 500 mL. The dilution was titrated with 0.05-M NaOH solution added at a
rate of 0.15 mL/min under stirring up to a pH of 11. An automatic titrator (902 Titrando, Methrom
AG, Herisau, Switzerland) was used, and the conductivity of the sample was automatically measured
(856 Conductivity Module, Methrom AG, Herisau, Switzerland) for increments of 0.02 mL. Data were
recorded by Tiamo Titration software. The carboxyl content was calculated from the titration curve
using the Gran plot. Duplicates were made for both suspensions and NaOH titration (control).

3.4. Material Processing

3.4.1. Film Processing

Dry toCNF (0.25 g) was weighed and diluted with water to a total volume of 50 mL. The suspension
was dispersed for 2 min at 7000 rpm with an UltraTurrax (IKA-Werke, Staufen, Germany), at room
temperature. βCD (0.025 g) and 0.1-M HCl (2 mL) were added to the relevant samples. The suspensions
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were magnetically stirred for 1 h and placed in an ultra-sonic bath for 3 min. The suspension was then
cast in petri dishes (9-cm diameter) and stored in an oven at 40 ◦C for 18 h. The resulting films were
stored in closed petri dishes at room temperature.

3.4.2. Cryogel Processing

Impact of pH, cyclodextrin, and comparison dry/swollen: Fifty millilitres of 0.8 wt% toCNF
suspensions were prepared and dispersed 2 min at 7000 rpm with an UltraTurrax. βCD (0.04 g) and
0.1-M HCl (3 mL) were added if required. The suspensions were magnetically stirred for 1 h and placed
in an ultra-sonic bath for 3 min. The suspensions were poured into a 24-well plate (3 mL per well) and
freeze-dried for 24 h at −20 ◦C and 0.3 mbar (BK FD12S, Biobase Biodustry, Jinan, China). The resulting
cryogels were stored in closed well plates.

Impact of density: Fifty millilitres of L-toCNF and H-toCNF suspensions at 1 wt%, 0.8 wt%, 0.6 w%,
and 0.4 wt% were prepared and dispersed for 2 min at 7000 rpm with an UltraTurrax. The suspensions
were magnetically stirred for 1 h and placed in an ultra-sonic bath for 3 min. The suspensions were then
poured into a 24-well plate (3mL per well) and put in a freezer at −20 ◦C for 24 h before freeze-drying
(ALPHA 2-4 LDplus, Christ ®, Osterode am Harz, Germany).

3.5. Water Sorption Analysis

Water sorption tests on films were carried out gravimetrically in a Percival climatic chamber at
25 ◦C and 90% RH (relative humidity). The samples were weighted every hour at the beginning of the
experiment and at selected times thereafter. Water sorption experiments were conducted after 48 h,
with at least 3 replicates for each sample. The samples were put in a desiccator for 16 h prior to the
experiment. The water sorption was characterised by the weight change between the initial sample
weight (m0) and the weight after a certain time t (mt), according to Equation (1):

Water sorption [%] =
mt −m0

m0
× 100 (1)

Water sorption test on cryogels were conducted gravimetrically. The cryogels were weighted and
immersed in distilled water and then removed at different times. Excess water was removed before
weighting. Water sorption was calculated using Equation (1).

3.6. Microscopy

Atomic force microscopy images were recorded on a Dimension icon® (Bruker, Billerica, MA, USA).
The concentration of the suspension was adjusted to 10−3 wt% by diluting the CNF dispersion using
the high shear mixer Ultra-Turrax. A drop of this suspension was deposited on a freshly cleaved mica
plate before drying overnight under a fume hood at room temperature. The acquisition was performed
in tapping mode using a silica-coated cantilever (OTESPA® 300 kHz-42 N/m, Bruker, Billerica, MA,
USA). Zones of 1.1*1.1 µm2 were analysed.

Scanning electron microscopy images were performed with ESEM (Quanta 200, FEI, Japan).
Film and cryogel cross-sections were cut with a razor blade. SEM observation was carried out on
cross-sections after carbon sputter coating of 5 nm, with a tension of 10 kV and a spot size of 3.5.
The working distance was set between 9.5 mm and 11.5 mm depending on the sample.

For both microscopy techniques, at least 5 different images were performed to check the consistency
in various zones of the sample, and the most representatives were selected for the discussion.

3.7. Mechanical Characterisation

Impact of density: Compression tests were performed using a TA Instruments RSA 3 (New Castle,
DE, USA) dynamic mechanical analyser fitted with a 100-N load cell. Samples prepared as cylinders
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were individually measured and compressed with a crosshead speed of 0.1 mm/s at room temperature.
At the least, triplicates were performed, and the average is presented.

Impact of pH, cyclodextrin, and comparison dry/swollen: Compression tests were performed with
a Stable Micro Systems TA-XT2 texture-analyser (Stable Micro Systems, Godalming, UK), equipped
with a P/35 probe and with a crosshead speed of 0.1 mm/s, as previously described by Heggset et al.,
2018 [66].

A minimum of 6 cryogels were tested for each sample. The compression modulus was calculated
in the elastic region at half the strain of the beginning of the plateau region, and the stress at 70% strain
was directly read from the data. The normalised compression modulus was calculated by dividing
the compression modulus by the cryogel density. The cryogel density ρ was determined by dividing
the mass of each cryogel by its volume. The volume of produced cryogels was measured from height
and diameter measurements using a calliper. For each sample, the two extreme values were removed.
The relative density of the cryogels was calculated from the ratio ρ/ρc, where ρc is the density of
cellulose, 1.5 g/cm3 [67]. The porosity was calculated from Equation (2):

Porosity [%] =

(
1− ρ
ρC

)
∗ 100 (2)

3.8. Fourier Transform Infrared Spectroscopy

Infrared spectra were recorded in attenuated total reflectance (ATR) mode, using a Perkin Elmer
Spectrum 65 (Perkin Elmer, Wellesley, MS, USA). Spectra were recorded between 4000 and 600 cm−1,
with 16 scans and a resolution of 4 cm−1. Since this technique is used to determine the possible
esterification between the cyclodextrins and the toCNF, and given the proximity between the carboxylic
peak and the ester peak (respectively, ≈1720 cm−1 and ≈1750 cm−1), each cryogel was dipped in 0.05 M
NaOH for 10 s to convert carboxylic acid groups to carboxylate groups (1600 cm−1) and dried in the
oven for 30 min prior to analysis. As the control sample, the neat samples and neat samples after 30 min
drying in the oven were also analysed to ensure that esterification was only due to the freeze-drying
process. At least 5 different zones of the sample were analysed, and the most representative spectra
were used for discussion.

4. Conclusions

In this work, films and cryogels of β-cyclodextrin-modified TEMPO-oxidised cellulose nanofibrils
were produced. Water sorption analysis and mechanical characterisation were conducted on both
modified and unmodified materials under dry and wet conditions. Two unmodified nanofibrils
suspensions were prepared with different charge contents (750 µmol/g and 1050 µmol/g), and
modification was carried out under neutral and acidic conditions. The sorption equilibrium was
reached after 4 h for all films tested, but the charge content and acidic casting pH were shown to
increase the water sorption, while cyclodextrins decreased it. Density, process pH, and the addition
of cyclodextrins had major impacts on the mechanical properties, related to the modification of
the cell wall structure. Finally, covalent esterification binding between β-cyclodextrin and toCNF
under acidic pH by freeze-drying was achieved and had 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
principle ingredients.
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Řezanka, M. Cyclodextrin-polypyrrole coatings of scaffolds for tissue engineering. Polymers 2019, 11, 459.
[CrossRef]

43. Venuti, V.; Venuti, V.; Rossi, B.; Mele, A.; Melone, L.; Punta, C.; Majolino, D.; Masciovecchio, C.;
Caldera, F.; Trotta, F. Tuning structural parameters for the optimization of drug delivery performance
of cyclodextrin-based nanosponges. Expert Opin. Drug Deliv. 2017, 14, 331–340. [CrossRef] [PubMed]

44. Alvarez-Lorenzo, C.; García-González, C.A.; Concheiro, A. Cyclodextrins as versatile building blocks for
regenerative medicine. J. Control. Release 2017, 268, 269–281. [CrossRef]

45. Grier, W.K.; Tiffany, A.S.; Ramsey, M.D.; Harley, B.A.C. Incorporating β-cyclodextrin into collagen scaffolds
to sequester growth factors and modulate mesenchymal stem cell activity. Acta Biomaterialia 2018, 76, 116–125.
[CrossRef] [PubMed]

46. Nada, A.A.; Abdellatif, F.H.H.; Ali, E.A.; Abdelazeem, R.A.; Soliman, A.A.S.; Abou-Zeid, N.Y. Cellulose-based
click-scaffolds: Synthesis, characterization and biofabrications. Carbohydr. Polym. 2018, 199, 610–618.
[CrossRef]

47. Kim, K.O.; Kim, G.J.; Kim, J.H. A cellulose/β-cyclodextrin nanofiber patch as a wearable epidermal glucose
sensor. RSC Adv. 2019, 9, 22790–22794. [CrossRef]

48. Saini, S.; Quinot, D.; Lavoine, N.; Belgacem, M.N.; Bras, J. β-Cyclodextrin-grafted TEMPO-oxidized cellulose
nanofibers for sustained release of essential oil. J. Mater. Sci. 2017, 52, 3849–3861. [CrossRef]

49. Yuan, G.; Prabakaranb, M.; Sunc, Q.; Jung, L.; Chung, S.; Mayakrishnan, I.-M.; Song, G.; Kim, K.-H.; Soo, I.
Cyclodextrin functionalized cellulose nanofiber composites for the faster adsorption of toluene from aqueous
solution. J. Taiwan Inst. Chem. Eng. 2017, 70, 352–358. [CrossRef]

50. Ruiz-Palomero, C.; Soriano, M.L.; Valcárcel, M. β-Cyclodextrin decorated nanocellulose: A smart approach
towards the selective fluorimetric determination of danofloxacin in milk samples. Analyst 2015, 140,
3431–3438. [CrossRef]

51. Aytac, Z.; Sen, H.S.; Durgun, E.; Uyar, T. Sulfisoxazole/cyclodextrin inclusion complex incorporated in
electrospun hydroxypropyl cellulose nanofibers as drug delivery system. Colloids Surf. B Biointerfaces 2015,
128, 331–338. [CrossRef]

52. Lavoine, N.; Tabary, N.; Desloges, I.; Martel, B.; Bras, J. Controlled release of chlorhexidine digluconate using
β-cyclodextrin and microfibrillated cellulose. Colloids Surf. B Biointerfaces 2014, 121, 196–205. [CrossRef]

53. Lavoine, N.; Givord, C.; Tabary, N.; Desloges, I.; Martel, B.; Bras, J. Elaboration of a new antibacterial
bio-nano-material for food-packaging by synergistic action of cyclodextrin and microfibrillated cellulose.
Innov. Food Sci. Emerg. Technol. 2014, 26, 330–340. [CrossRef]

54. De Castro, D.O.; Tabary, N.; Martel, B.; Gandini, A.; Belgacem, N.; Bras, J. Controlled release of carvacrol and
curcumin: Bio-based food packaging by synergism action of TEMPO-oxidized cellulose nanocrystals and
cyclodextrin. Cellulose 2018, 25, 1249–1263. [CrossRef]

55. Jimenez, A.; Jaramillo, F.; Hemraz, U.; Boluk, Y.; Ckless, K.; Sunasee, R. Effect of surface organic coatings
of cellulose nanocrystals on the viability of mammalian cell line. Nanotechnol. Sci. Appl. 2017, 10, 123–136.
[CrossRef] [PubMed]

56. Castro, D.O.; Tabary, N.; Martel, B.; Gandini, A.; Belgacem, N.; Bras, J. Effect of different carboxylic acids in
cyclodextrin functionalization of cellulose nanocrystals for prolonged release of carvacrol. Mater. Sci. Eng. C
2016, 69, 1018–1025. [CrossRef] [PubMed]

57. Ndong-Ntoutoume, G.M.A.; Graneta, R.; Pierre, J.; Frédérique, M.; Légera, D.Y.; Fidanzi-Dugasa, C.;
Lequartb, V.; Jolyb, N.; Liagrea, V.; Chaleixa, B.; et al. Development of curcumin–cyclodextrin/cellulose
nanocrystals complexes: New anticancer drug delivery systems. Bioorganic Med. Chem. Lett. 2016, 26,
941–945. [CrossRef]

58. Lin, N.; Dufresne, A. Supramolecular hydrogels from in situ host–guest inclusion between chemically
modified cellulose nanocrystals and cyclodextrin. Biomacromolecules 2013, 14, 871–880. [CrossRef]

59. Okubayashi, S.; Griesser, U.J.; Bechtold, T. A kinetic study of moisture sorption and desorption on lyocell
fibers. Carbohydr. Polym. 2004, 58, 293–299. [CrossRef]

60. Dufresne, A. Nanocellulose: From Nature to High Performance Tailored Materials; De Gruyter: Berlin, Germany, 2012.
61. Belbekhouche, S.; Bras, J.; Siqueira, G.; Chappey, C.; Lebrun, L.; Khelifi, B.; Marais, S.; Dufresne, A. Water

sorption behavior and gas barrier properties of cellulose whiskers and microfibrils films. Carbohydr. Polym.
2011, 83, 1740–1748. [CrossRef]

239



Molecules 2020, 25, 2381

62. Gibson, L.A.; Ashby, M. Cellular Solids, Structure and Properties; Cambridge University Press: Cambridge, UK, 1999.
63. Mills, N. Polymer Foams Handbook: Engineering and Biomechanics Applications and Design Guide; Elsevier:

Amsterdam, The Netherlands, 2007.
64. Goel, A.; Nene, S.N. Modifications in the phenolphthalein method for spectrophotometric estimation of beta

cyclodextrin. Starch Stärke 1995, 47, 399–400. [CrossRef]
65. Orelma, H.; Filpponen, I.; Johansson, L.-S.; Österberg, M.; Rojas, O.J.; Laine, J. Surface functionalized

nanofibrillar cellulose (NFC) film as a platform for immunoassays and diagnostics. Biointerphases 2012, 7, 61.
[CrossRef]

66. Heggset, E.B.; Strand, B.L.; Sundby, K.W.; Simon, S.; Chinga-Carrasco, G.; Syverud, K. Viscoelastic properties
of nanocellulose based inks for 3D printing and mechanical properties of CNF/alginate biocomposite gels.
Cellulose 2018. [CrossRef]

67. Weishaupt, R.; Siqueira, G.; Schubert, M.; Tingaut, P.; Maniura-Weber, K.; Zimmermann, T.; Thöny-Meyer, L.;
Faccio, G.; Ihssen, J. TEMPO-oxidized nanofibrillated cellulose as a high density carrier for bioactive
molecules. Biomacromolecules 2015, 16, 3640–3650. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

240



molecules

Article

Optimization with Response Surface Methodology of
Microwave-Assisted Conversion of Xylose to Furfural

Carmen Padilla-Rascón 1,2, Juan Miguel Romero-García 1,2 , Encarnación Ruiz 1,2,* and
Eulogio Castro 1,2

1 Department of Chemical, Environmental and Materials Engineering, Universidad de Jaén, Campus Las
Lagunillas, 23071 Jaén, Spain; cpadilla@ujaen.es (C.P.-R.); jrgarcia@ujaen.es (J.M.R.-G.);
ecastro@ujaen.es (E.C.)

2 Centre for Advanced Studies in Earth Sciences, Energy and Environment (CEACTEMA), Universidad de
Jaén, Campus Las Lagunillas, 23071 Jaén, Spain

* Correspondence: eruiz@ujaen.es; Tel.: +34-953212779

Academic Editors: Alejandro Rodríguez, Eduardo Espinosa and Sylvain Caillol
Received: 9 June 2020; Accepted: 30 July 2020; Published: 6 August 2020

����������
�������

Abstract: The production of furfural from renewable sources, such as lignocellulosic biomass,
has gained great interest within the concept of biorefineries. In lignocellulosic materials, xylose
is the most abundant pentose, which forms the hemicellulosic part. One of the key steps in the
production of furfural from biomass is the dehydration reaction of the pentoses. The objective of
this work was to assess the conditions under which the concentration of furfural is maximized
from a synthetic, monophasic, and homogeneous xylose medium. The experiments were carried
out in a microwave reactor. FeCl3 in different proportions and sulfuric acid were used as catalysts.
A two-level, three-factor experimental design was developed for this purpose. The results were
further analyzed through a second experimental design and optimization was performed by response
surface methodology. The best operational conditions for the highest furfural yield (57%) turned out
to be 210 ◦C, 0.5 min, and 0.05 M FeCl3.

Keywords: lignocellulosic material; xylose; furfural; iron chloride; microwave reactor; biorefinery

1. Introduction

Owing to the depletion of fossil resources, it is necessary to look for renewable sources for the
production of fuels and chemicals. Lignocellulosic biomass is an alternative natural resource that
presents multiple advantages, because of its abundance, renewability, low cost, and the fact that
it is a waste product with no competing uses. Lignocellulosic materials are mainly composed of
hemicellulose, cellulose, and lignin. Other fractions also present in a lower proportion are extractives,
which are low molecular weight organic compounds, and the ashes, which are inorganic compounds.
Although the chemical composition of the biomass is variable, hemicellulose is usually the second
most abundant compound with multiple uses, after cellulose. Xylose is the most abundant pentose in
the hemicelluloses of hardwoods and agricultural plants [1].

In recent years, the production of furfural from renewable sources has gained great attention
within the concept of sustainable biorefineries, giving added value to lignocellulosic materials and
advancing the sustainable bioeconomy. The U.S. Department of Energy identified furfural as one
of the top 30 platform chemicals [2]. Its composition, formed by unsaturated bonds and aldehyde
groups, makes it a versatile platform molecule, from which a great variety of chemical compounds can
be obtained, with applications in oil refining, production of plastics, food, and pharmaceutical and
agricultural industries [3–5].
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Currently, the most commonly used lignocellulosic biomasses for production of furfural are corn
cob, sugar cane bagasse, rice hull, and wheat bran, considering that they are rich in hemicelluloses
and are available in large quantities [1]. Olive subproducts, specifically olive stones or pits, have also
been used to obtain furfural [6]. Among the advantages of using olive pits, the high availability in
Mediterranean areas, their composition with a high proportion of hemicelluloses, and their easy acid
hydrolysis are frequently cited.

Furfural is obtained from lignocellulosic materials in two steps, as shown briefly in
Figure 1. The first step reaction, hydrolysis, consists of the transformation of polysaccharides
into monosaccharides, obtaining a hydrolysate rich in sugars; in this case, the predominant sugar is
xylose. The second step is the dehydration reaction of pentoses, mainly xylose, to furfural. This process
can be done within the same reactor, one-stage, or separately in two steps. When the process is carried
out in two steps, the hydrolysate can be separated from the insolubilized solid after the first step,
allowing greater utilization of the lignocellulosic material. Furfural is obtained by dehydration of
the pentoses (mainly xylose) and the unhydrolyzed solid can be employed for other uses, such as
enzymatic hydrolysis and fermentation [7].
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The pentose dehydration reaction involves the protonation of three carbon atoms in the sugar
ring, removing three water molecules and obtaining the furanic molecules. Normally, these reactions
take place in an aqueous medium, owing to its polarity, availability, sustainability, and low price.
In the dehydration reaction, undesired secondary reactions also occur, by condensation between the
furfural and the intermediate products of dehydration and by the degradation of the pentoses to low
molecular weight products, generating soluble and insoluble secondary products (called humins) [8].
The use of catalysts facilitates the dewatering reaction. Most of the catalysts studied have Brønsted
sites, which directly dehydrate the initial carbohydrate. Furthermore, the use of Lewis acid sites favors
the isomerization of the carbohydrate and the subsequent dehydration through the Brønsted sites.
These catalysts can be homogeneous, the disadvantages of which are high pressure and the production
of a corrosive acid stream that needs to be neutralized. Alternatively, heterogeneous catalysts, limited
by their cost and synthesis, are also used and may be subjected to deactivation owing to the deposit of
subproducts on their surface [9,10].

Hemicellulose-rich raw materials can be hydrolyzed by various processes, among which the
dilute acid hydrolysis stands out as one of the most efficient to selectively recover hemicellulose
sugars [7,11,12]. These acids, like sulfuric acid, also enhance the dehydration reaction, in which it
acts as Lewis acid [13]. Furthermore, the potential of salts as a catalyst for these reactions has been
corroborated in multiple studies. Metal salts, and especially metal chlorides, such as FeCl3, have been
used in the pretreatment step of lignocellulosic materials to improve the generation of sugars that can
in turn be converted into valuable chemicals, acting also as a catalyst for the dehydration of sugars
into furfural, as a prominent example. According to the proposed mechanism by which this general
process takes place, FeCl3 acts as Brønsted acid in several reactions whose equilibrium is influenced
by the pH and the initial concentration of the metal salt, improving the performance in obtaining
furfural [4,14,15]. A complete description of the way metal salts can act for pretreating lignocellulosic
materials along with relevant examples is available elsewhere [16].

Microwave-assisted reactions are booming, as they have many advantages, for example, they are
versatile, need shorter reaction times, present uniform heating, and can be more efficient reactions.
In multiple studies, microwave-assisted heating resulted in better yields compared with traditional
heating methods [10,17,18]. Microwaves are widely used with lignocellulosic materials for the
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production of value-added chemicals such as furfural [5,19]. Another application is the fractionation
of lignocellulosic materials. For example, Zhang et al. [20] reported on a microwave-assisted organoslv
pretreatment using raw poplar. In another study, rye and wheat stillage were submitted to a first
microwave treatment to produce a highly concentrated sugar solution, which was further fermented
to ethanol [21]. Microwaves were also used to assist hemicellulose extraction from corn fiber [22],
or for extracting phenolics from cocoa pod husk [23]. Recently, microwave-assisted treatment by deep
eutectic solvents was reported for the delignification of garlic skin [24].

Response surface methodology is a tool that allows obtaining a mathematical model to establish a
relationship between the parameters of interest studied (temperature, time, and so on) and the results
obtained (yields, conversions, and so on). The interrelationships between the factors studied and their
influence on the responses obtained are analyzed statistically to determine their significance. It also
allows finding the best experimental conditions based on the results. The use of this methodology is
widespread when optimizing the process conditions for furfural production [25–27].

As a previous step to get useful information on the best conditions to produce furfural from the
pentose fraction of lignocellulosic materials, this paper addresses the use of sulfuric acid and ferric
chloride to obtain furfural from a solution with a high concentration of xylose (30 g/L) in a monophasic
and homogeneous medium. The microwave heating technique is used because of its advantages.
The main objective is to optimize the conditions for the highest furfural production. For this purpose,
two experimental designs were made, with temperature, time, and concentration of ferric chloride
as factors.

2. Results

2.1. Two-Level Factorial Design

The results obtained from the factorial design of 11 experiments (23 + 3 central points) with the
three factors studied (concentration of FeCl3, time, and temperature) are shown in Table 1. The initial
concentration of xylose was 30 g/L, while the consumption values ranged between 7.52 and 29.44 g/L,
which is equivalent to conversion between 25.06 and 98.13% (above 90% in most cases). As for the
furfural obtained, the values were between 3.02 and 10.35 g/L, which represents a yield of 15.63 and
53.59%, respectively. Finally, the selectivity ranged between 25.83 and 62.38%, with the average
above 45%.

Table 1. Two-level, three-factor experimental design. Experimental conditions and response results.

Run Factors Responses

A: FeCl3
(M)

B: Time
(min)

C: Temp.
(◦C)

Xylose
Consumed (g/L)

Furfural
(g/L) Yield(%) Conversion

(%)
Selectivity

(%)

2 0.3 1 170 16.68 4.79 24.87 55.61 44.73
4 0.1 5 200 29.33 7.84 38.99 97.77 39.88
6 0.1 5 170 18.11 6.52 33.87 60.38 56.10
7 0.3 1 200 29.44 7.96 41.13 98.13 41.91
8 0.3 5 170 26.75 7.72 39.93 89.15 44.79
9 0.1 1 200 29.07 10.35 53.59 96.91 55.30
10 0.1 1 170 7.52 3.02 15.63 25.06 62.38
11 0.3 5 200 28.99 4.82 24.96 96.63 25.83
1 0.2 3 185 29.04 8.91 45.61 96.80 47.12
3 0.2 3 185 29.13 9.05 45.70 97.12 47.06
5 0.2 3 185 28.55 9.16 45.71 95.18 48.02

An overview of the results shows that increasing temperature also produced an increase in the
xylose consumed and the furfural produced, indicating that the temperature favours the dehydration
of xylose and the production of furfural, but it can also be seen that this does not only depend on the
temperature factor. For determining the effect of the factors studied (concentration of FeCl3, time,
and temperature) on yield (furfural yield), conversion (xylose conversion), and selectivity (furfural
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selectivity), the results were statistically analyzed and modelled according to a linear model with
interaction between the factors. The models obtained in coded terms together with the p-value, R2,
coefficient of variation (CV), and standard deviation (SD) are shown in Table 2. As can be seen, for all
models, the R2 obtained is in the order of 0.99 (99% of the change is produced by the factors studied)
and CV in all cases is lower than 3.2%.

Table 2. Models in coded terms obtained for yield, conversion, and selectivity in a factorial design. A =

concentration of FeCl3, B = time, and C = temperature. CV, coefficient of variation.

Response Model (Coded Terms) p-Value R2 CV (%) SD (%)

Yield (%) Yield = 34.12 − 1.40·A + 0.32·B + 5.55·C −
5.22·AC − 8.01·BC <0.0001 0.997 2.38 0.89

Conversion (%) Conversion = 77.45 + 7.43·A + 8.53·B +
19.91·C − 7.41·AC − 8.69·BC <0.0001 0.999 1.26 1.04

Selectivity (%) Selectivity = 46.36 − 7.05·A − 4.71·B − 5.63·C
− 3.16·BC <0.0001 0.988 3.18 1.48

The temperature (C) is the most influential factor on the yield, as can be deduced from the
highest value of its coefficient (contribution >20%); moreover, the total contribution of the temperature,
if the interaction concentration FeCl3-temperature (AC) and the interaction time-temperature (BC) are
taken into consideration, represents more than 75%. At a low temperature, the yield increases with
the concentration of FeCl3 (A), while at a high temperature, the yield decreases with the increasing
concentration of FeCl3. Similar yield results are obtained at high concentrations of FeCl3, independently
of the temperature (Figure 2a). As far as the interaction between temperature and time is concerned,
yields increase with time (B) in the low temperature region, while the behavior is the opposite at a high
temperature (Figure 2b).

Regarding the conversion, a similar pattern to that in the yield was observed, that is, the temperature
is the most influential factor. In this case, the contribution of the linear term is more than 52% and,
together with AC and BC interactions, it represents 70%. In the case of conversion, the other two
factors have a greater influence, contributing 17%. At a high temperature, the conversion is high
regardless of the FeCl3 concentration and, at a low temperature, the conversion increases with the
FeCl3 concentration, not reaching as high as at a high temperature (Figure 2c). The interaction between
temperature and time follows the same trend described above for conversion (Figure 2d).

Finally, in the case of selectivity, the influence of the factors studied is different from the two
previous cases, because the most influential factor is the FeCl3 concentration, with a contribution of
more than 43%, with that of temperature and time being 27% and 19%, respectively. These last two
factors interact in such a way that, at a low temperature, the selectivity decreases slightly over time
and, at a high temperature, the selectivity decreases more drastically over time (Figure 2e).

When looking for the conditions that could maximize the variables studied only in the case of
selectivity, we can say, without the need to make calculations, that they would be the lowest of all the
factors studied ([FeCl3] = 0.1 M, time = 1 min, and temperature = 170 ◦C), because all the coefficients
of the model obtained are negative (Table 2). In the case of yield and conversion, calculations would be
necessary because, among the coefficients of their models, there are positive and negative values, but,
if Figure 2 is observed, they can also be deduced. For the conversion, it can be easily deduced from
Figure 2c,d that the best conditions are the high temperature (200 ◦C) and, in that case, the concentration
of FeCl3 and time has little influence, so one would opt for low values ([FeCl3] = 0.1 M, time = 1 min).
In the case of the yield, observing Figure 2a,b, it is also easy to deduce that the best conditions would
be 200 ◦C, [FeCl3] = 0.1 M, and 1 min.
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2.2. Central Composite Design

On the basis of the results obtained in the two-level factorial design, a rotatable composite
central design was designed to further assess the influence of the selected factors and to optimize the
conditions for obtaining furfural. The experimental range was changed to shorter times (0.5–1 min)
and lower FeCl3 concentrations (0.05–1 M), and the temperature range was reduced to a shorter one
(190–200 ◦C). The results (xylose consumption, furfural produced, yield, conversion, and selectivity) of
the 25 experiments carried out according to the design conditions are shown in Table 3.

Table 3. Results (consumed xylose, furfural produced, yield, conversion, and selectivity) of the rotatable
composite central design (duplicates of the star points +5 central points).

Run A: FeCl3
(M)

B: Time
(min)

C: Temp.
(◦C)

Consumed
Xylose (g/L)

Furfural
(g/L)

Yield
(%)

Conversion
(%)

Selectivity
(%)

1 0.040 0.75 195 21.24 8.73 45.39 70.68 64.22
2 0.1 1 190 23.60 10.01 51.77 78.16 66.23
4 0.05 0.5 200 25.43 10.04 52.07 84.40 61.69
5 0.05 1 190 20.31 8.11 41.87 67.14 62.36
6 0.1 1 200 28.88 10.32 53.35 95.54 55.84
7 0.075 1.10 195 26.66 9.93 51.38 88.28 58.20
8 0.075 0.75 202.07 28.45 10.76 55.78 94.37 59.11
9 0.075 0.75 187.93 19.07 7.64 39.55 63.15 62.63
11 0.1 0.5 200 27.97 10.30 53.35 92.68 57.56
12 0.040 0.75 195 22.05 8.99 46.64 73.18 63.73
14 0.110 0.75 195 26.64 9.61 49.69 88.22 56.33
15 0.075 0.40 195 21.56 8.72 45.10 71.38 63.19
17 0.05 0.5 190 15.57 6.37 33.16 51.85 63.96
18 0.110 0.75 195 25.98 9.67 50.30 86.51 58.15
19 0.075 0.75 187.93 18.32 7.29 37.95 61.00 62.22
20 0.075 0.40 195 22.31 8.97 46.68 74.31 62.82
21 0.1 0.5 190 20.73 8.06 41.71 68.63 60.78
22 0.05 1 200 26.09 10.18 52.67 86.40 60.95
23 0.075 0.75 202.07 27.28 10.50 54.41 90.50 60.12
25 0.075 1.10 195 26.06 9.86 51.05 86.35 59.12
3 0.075 0.75 195 25.08 9.73 50.27 82.91 60.63
10 0.075 0.75 195 25.05 9.49 49.08 82.94 59.18
13 0.075 0.75 195 24.73 9.53 49.54 82.30 60.19
16 0.075 0.75 195 24.50 9.91 51.33 81.20 63.22
24 0.075 0.75 195 23.54 9.18 47.56 78.06 60.93

The initial concentration of xylose was maintained at around 30 g/L, resulting in this design
displaying higher consumption values than those in the factorial design, ranging from 15.57 to 28.88 g/L
or conversion of between 51.85 and 95.54%. As for the furfural obtained, values between 6.37 and
10.76 g/L were obtained, which represents a yield of 33.16 and 55.78%, respectively, a shorter range than
in the factorial design and higher on average. Finally, the selectivity showed values between 55.84 and
66.23%, being on average around 61%, compared with the factorial design where it was around 46%.

For the analysis of the influence on the responses (yield, conversion and selectivity) of the factors
studied (concentration of FeCl3, time, and temperature), the results were evaluated using the response
surface methodology and modelled according to a quadratic model. The models obtained in coded
and real terms together with the p-value, R2, coefficient of variation (CV), and standard deviation (SD)
are shown in Table 4. The three models show R2 surpassing 0.91, yield and conversion above 0.97 (97%
of the change is produced by the factors studied), and a CV in all cases below 2.5% (below 1.3 in the
case of selectivity), that is, good values that allow us to use the models obtained for analysis.
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Table 4. Models in coded and real terms obtained for performance, conversion, and selectivity in the
rotatable composite central design. A = concentration of FeCl3, B = time, and C = temperature.

Response Model (Coded and Real Terms) p-Value R2 CV (%) SD (%)

Yield (%)

(Coded) = 49.10 + 1.98·A + 2.15·B + 5.57·C −
2.06·AC

− 2.27·BC − 0.54·A2 − 1.09·C2

(Real) = −2345.52 + 3423.72·A + 362.70·B +
20.67·C − 16.48·AC − 1.82·BC − 871.20·A2 −

0.04·C2

<0.0001 0.970 2.38 1.14

Conversion (%)

(Coded) = 80.34 + 5.55·A + 4.41·B + 11.20·C −
1.30·AC − 2.50·BC − 1.78·C2

(Real) = 3533.74 + 2246.99·A + 406.90·B +
32.25·C − 10.38·AC − 2.00·BC − 0.07·C2

<0.0001 0.977 2.46 1.95

Selectivity (%) (Coded) = 60.49 − 2.23·A − 1.19·B − 1.07·C
(Real) = 112.51 − 89.22·A − 4.74·B − 0.21·C <0.0001 0.911 1.26 0.77

The most influential factor in yield is temperature, given its higher coded coefficient of 5.57,
followed by time and FeCl3 concentration with similar coefficients of 2.15 and 1.98, respectively. As for
the interactions between factors, it can be seen that the yield at a high temperature varies little with
the concentration of FeCl3, being slightly higher at an intermediate concentration owing to the slight
curvature it presents (quadratic term, A2), while at a low temperature, the yield increases with the
concentration of FeCl3 (Figure 3a). In the interaction with time, the behaviour is similar to that already
described; the performance decreases in a negligible way with the increase of time at a high temperature,
while at a low temperature, it increases with time (Figure 3b). The yield is higher at a high temperature
for both interactions. The conversion and the yield have similar behaviour in front of the studied
factors, as can be seen in the obtained models (Table 4) and the response surfaces (Figure 3), sharing
the temperature as the most influential factor. Analyzing more in detail, the conversion increases
with the increase of FeCl3 concentration, as well as with the increase of time, with this increase being
more accentuated at low temperatures in both cases (Figure 3c,d). At a high temperature, the highest
conversion values occur, and it is at this point that the increase in time has little influence on the
increase in conversion (Figure 3d).

Selectivity shows different behaviour than that found in yield and conversion (Figure 3).
Selectivity has, as its most influential factor, the concentration of FeCl3, followed by time and
temperature at a considerable distance, according to the values of their coefficients of 2.23, 1.19,
and 1.07, respectively (Table 4). Furthermore, in the selectivity model, only the linear terms were
significant and all of them have a negative sign, which indicates that the lowest conditions of the
factors are going to be the most favourable ones.

Table 5 shows the results of the best conditions and the values obtained from the different responses
(performance, conversion, and selectivity) for different optimization proposals, giving the same weight
to the responses in the case of multiple optimizations. The highest value of selectivity would be 64.98%,
and would be obtained under the lowest conditions of the design, that is, 190 ◦C, [FeCl3] = 0.05 M,
and 0.5 min. On the contrary, the highest conversion value would be obtained under the highest design
conditions, that is, 200 ◦C, [FeCl3] = 0.1 M, and 1 min, with a value of 95.93%. The highest yield value,
53.71%, is obtained at 200 ◦C, [FeCl3] = 0.07 M, and 0.5 min, a value close to that obtained under the
conditions of maximizing conversion, 52.84%; on the contrary, the conversion and selectivity values
are more distant.
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Table 5. Results of the optimization of the rotatable composite central design.

Maximise A: FeCl3
(M)

B: Time
(min)

C: Temp.
(◦C)

Yield
(%)

Conversion
(%)

Selectivity
(%)

Yield 0.07 0.5 200 53.71 87.53 60.77
Conversion 0.1 1 200 52.84 95.93 56.01
Selectivity 0.05 0.5 190 33.44 53.61 64.98

Yield and selectivity 0.05 0.5 200 53.24 83.59 62.84
Yield and conversion 0.1 1 200 52.84 95.93 56.01

Yield, conversion,
and selectivity 0.05 0.5 200 53.24 83.59 62.84

Star point experimental
average 0.075 0.75 202.07 55.10 92.43 59.62

Predict star point 0.075 0.75 202.07 54.81 92.62 58.98

Out of range 0.05 0.5 210 64.35 99.34 60.70
Experimental out of range 0.05 0.5 210 57.12 98.51 57.98

Different optimizations have been made with more than one response, with yield as the common
response in all cases. In the first of these, yield and selectivity have been jointly optimized, obtaining
conditions of 200 ◦C, [FeCl3] = 0.05 M, and 0.5 min and values of 53.24% and 62.84%, respectively, these
values being very close to the individual optimums. In the second one, performance and conversion
have been jointly optimized, obtaining conditions of 200 ◦C, [FeCl3] = 0.1 M, and 1 min, resulting in
these conditions having a greater difference compared with the individual performance optimum.
Finally, in the case of the triple optimization of the three responses, the same conditions result as in
the joint optimization of yield and selectivity, that is, 200 ◦C, [FeCl3] = 0.05 M, and 0.5 min, with a
final yield of 53.24%. Reviewing the experimental results of the composite central design, it has been
found that, under the conditions of one of the star points (202.07 ◦C, [FeCl3] = 0.075 M, and 0.75 min),
the yield value obtained is on average 55.10% higher than that found under the optimum design
conditions. The values of yield, conversion, and selectivity (54.81%, 92.62%, and 58.98%) according to
the conditions of this star point were obtained with models resulting in errors of less than 1% (Table 5).

As can be seen in Figure 4, the efficiency and conversion show a good linear adjustment with R2 =

0.92, resulting in a 58% efficiency for the 100% conversion, higher than the value obtained in the star
point conditions. Given the above, using the model obtained for the conversion, the temperature for
which 100% would be obtained was sought. The concentration of FeCl3 was set at 0.05 M and 0.5 min
(triple optimum conditions) and a temperature of 210 ◦C was obtained (at 211 ◦C, the conversion is
higher than 100%). The conditions of 210 ◦C, [FeCl3] = 0.05 M, and 0.5 min were tested experimentally,
obtaining a conversion of 98.51%, very close to that predicted by the model of 99.34%. Under these
conditions, a yield value of 57.12% was obtained, confirming the proposed hypothesis. This value
is very close to 57.30%, which would result from substituting the conversion value of 98.51% in
the regression of Figure 4. If the experimental values and those predicted by the models for this
temperature condition outside the range are compared, the experimental values of yield and selectivity
are lower, by 11.24% and 4.47%, respectively, and it can be said that the yield model cannot be used
with temperatures so far from those in the initial range.

249



Molecules 2020, 25, 3574
Molecules 2020, 25, x FOR PEER REVIEW 10 of 19 

 

 
Figure 4. Linear performance regression versus conversion of the values of the composite central 
design. 

3. Discussion 

Different authors have made designs of experiments to study the influence of different factors 
and to determine the best conditions to obtain the maximum performance of furfural. In the cases 
that are going to be considered next, the response surface methodology and quadratic models were 
used as in our work. 

Lamminpää et al. [28] studied four variables by a central composite circumscribed design using 
a preheating oven (360–420 °C) and a fluidized sand bath. The variables were time (20–40 min), 
temperature (140–200 °C), initial xylose concentration (0.067–0.20 M), and formic acid concentration 
(10–30% w/w). The design contained 29 experiments, including five central points. In this design, the 
authors obtained conversions ranging from 6.2% to 98.2% and selectivities from 42% to 73%, values 
similar to those obtained in this work. Conversion and yield were mainly influenced positively by 
temperature and, as in our case, followed by acid concentration. The maximum yield value obtained 
was 65% at 200 °C, 20 min, 30 wt% of formic acid, and with an initial xylose concentration of 10 g/L. 
This yield in the same conditions, but increasing the initial xylose concentration to 30 g/L (the same 
as in our work), drops to 56.8%, very similar to the value obtained in our work of 57.1%, although 
with a much shorter time of only 0.5 min in our case. The industrial process adopted by China with 
corncobs achieves around 50% yield with 3–4 wt% sulfuric acid at 153 °C for 5 h [9]. 

Yang et al. [27] also performed a central composite design in this case in a stainless steel 
autoclave, with an electric jacket, a constant initial xylose concentration of 80 g/L, and varying the 
proportion of water-o-nitrotoluene. The reaction temperature (170–210 °C), formic acid concentration 
(5–25 g/L, pH25 °C 2.32–1.96), o-nitrotoluene volume percentage (20–80 vol%), and residence time (40–
200 min) were analyzed in the experimental design. The design consisted of 27 experiments, 
including three central points. The results included selectivities between 51.1 and 99.7% and yields 
between 20.3 and 71.2%, which are higher than those obtained in the previous design and those 
presented in this work. Among the factors studied in this design, temperature and o-nitrotoluene 
percentage are the most influential, with time and formic acid concentration having a low influence 
on yield and selectivity. Both yield and selectivity present a maximum of around 190 °C. On the 
contrary, the increase of o-nitrotoluene percentage (0 vol% to 80 vol%) was positive in both yield and 
selectivity, with increases from about 30% to 70% and 70% to 99%, respectively. The maximum 
furfural yield (74%) and selectivity (86%) were obtained in 75 min at 190 °C for 20 g/L formic acid 
concentration and 75 vol% o-nitrotoluene. This yield is higher than that obtained in our work, but the 
time is much higher, that is, 75 min compared with 0.5 min, and it also uses an organic solvent from 
petroleum, which makes the process less sustainable. To reduce the reaction time, the authors added 
different halides (NaCl, KCl, KBr, and KI) with a concentration of 0.5 M, achieving an optimum time 
in 60 min, or in other words, a reduction of 15 min. This time is still far from that obtained in our 

y = 0.480x + 10.02
R² = 0.920

10

20

30

40

50

60

40 50 60 70 80 90 100

Yi
el

d 
(%

)

Conversion (%)

Figure 4. Linear performance regression versus conversion of the values of the composite central design.

3. Discussion

Different authors have made designs of experiments to study the influence of different factors and
to determine the best conditions to obtain the maximum performance of furfural. In the cases that are
going to be considered next, the response surface methodology and quadratic models were used as in
our work.

Lamminpää et al. [28] studied four variables by a central composite circumscribed design using
a preheating oven (360–420 ◦C) and a fluidized sand bath. The variables were time (20–40 min),
temperature (140–200 ◦C), initial xylose concentration (0.067–0.20 M), and formic acid concentration
(10–30% w/w). The design contained 29 experiments, including five central points. In this design,
the authors obtained conversions ranging from 6.2% to 98.2% and selectivities from 42% to 73%, values
similar to those obtained in this work. Conversion and yield were mainly influenced positively by
temperature and, as in our case, followed by acid concentration. The maximum yield value obtained
was 65% at 200 ◦C, 20 min, 30 wt% of formic acid, and with an initial xylose concentration of 10 g/L.
This yield in the same conditions, but increasing the initial xylose concentration to 30 g/L (the same as
in our work), drops to 56.8%, very similar to the value obtained in our work of 57.1%, although with a
much shorter time of only 0.5 min in our case. The industrial process adopted by China with corncobs
achieves around 50% yield with 3–4 wt% sulfuric acid at 153 ◦C for 5 h [9].

Yang et al. [27] also performed a central composite design in this case in a stainless steel autoclave,
with an electric jacket, a constant initial xylose concentration of 80 g/L, and varying the proportion
of water-o-nitrotoluene. The reaction temperature (170–210 ◦C), formic acid concentration (5–25 g/L,
pH25 ◦C 2.32–1.96), o-nitrotoluene volume percentage (20–80 vol%), and residence time (40–200 min)
were analyzed in the experimental design. The design consisted of 27 experiments, including three
central points. The results included selectivities between 51.1 and 99.7% and yields between 20.3 and
71.2%, which are higher than those obtained in the previous design and those presented in this work.
Among the factors studied in this design, temperature and o-nitrotoluene percentage are the most
influential, with time and formic acid concentration having a low influence on yield and selectivity.
Both yield and selectivity present a maximum of around 190 ◦C. On the contrary, the increase of
o-nitrotoluene percentage (0 vol% to 80 vol%) was positive in both yield and selectivity, with increases
from about 30% to 70% and 70% to 99%, respectively. The maximum furfural yield (74%) and
selectivity (86%) were obtained in 75 min at 190 ◦C for 20 g/L formic acid concentration and 75 vol%
o-nitrotoluene. This yield is higher than that obtained in our work, but the time is much higher, that
is, 75 min compared with 0.5 min, and it also uses an organic solvent from petroleum, which makes
the process less sustainable. To reduce the reaction time, the authors added different halides (NaCl,
KCl, KBr, and KI) with a concentration of 0.5 M, achieving an optimum time in 60 min, or in other
words, a reduction of 15 min. This time is still far from that obtained in our work, even though it

250



Molecules 2020, 25, 3574

achieved a slight improvement in performance and selectivity, for example, with NaCl, of 78% and
90%, respectively.

Another type of design was used to study the effect of lignin on the production of furfural from
xylose (30 g/L), at D-optimal design [29]. In the design, four variables were included: three quantitative
variables, time (20–80 min), temperature (160–180 ◦C), and initial lignin concentration (0–20 g/L); and
one qualitative variable, the acid catalyst (10% w/w) formic acid or 0.2% w/w sulfuric acid (initial pH
similar). The design contained 26 experiments, including 3 central points, plus 4 extra points, for a total
of 30 experiments. The xylose conversion varied from 12% to 90% with the formic acid and from 6%
to 85% with the sulfuric acid, values somewhat lower than those obtained in our work. The furfural
yield varied from 9% to 58% in HCOOH and from 4% to 53% in H2SO4, in the order of our work.
The selectivities were 65–80% and 63–76% in HCOOH and H2SO4, respectively, higher than those
obtained in our work, with the least variation between large and small values compared with the other
responses. The most influential factors in yield are temperature and time in both HCOOH and H2SO4

cases. The difference in the influence of lignin is found to be more significant in the case of H2SO4

than in HCOOH; for example, at 180 ◦C in sulfuric acid, the yield is higher than 50% without lignin,
but in the presence of 20 g/L lignin, the yield is lower than 40%, whereas in formic acid, the yield stays
about the same, at around 62%. The maximum yields are given at 180 ◦C, 80 min, and without lignin,
with values around 64% and 56% with HCOOH and H2SO4, respectively, values in the order of those
obtained in this work, but with a much longer time. The authors concluded that lignin affected furfural
formation in two ways: (1) the lignin has an acid neutralization capacity (the maximum rise in pH
was 0.13 units in formic acid and 0.23 units in sulfuric acid; time and temperature are insignificant
parameters for the pH change response model), and (2) the lignin inhibits xylose dehydration into
furfural (the neutralizing effect does not explain all of the decreases in conversion and yield, so some
additional mechanism must be involved) [29]. Rasmussen et al. [30] concluded that there are at least
three possible routes for furfural formation from xylose, and the reaction conditions determine which
mechanism dominates.

Overview of the Production of Furfural from Xylose

Table 6 shows a varied representation of the processes used to produce furfural from xylose
(maximize furfural yield) in monophase systems with green solvents, as in our case, to have processes
without petroleum derivatives.

Among those green solvents are water, seawater, gamma-valerolactone (GVL), GVL-water,
dimethyl sulfoxide (DMSO), N,N-dimethylacetamide (DMA), and some ionic liquids ([emin]Br,
[emim]HSO4, [bmim]PF6) that are not chloride based as they are considered toxic and corrosive [31].
In most cases, some kind of catalyst was used to increase the reaction speed and improve the yield
in furfural.

These catalysts can be both homogeneous and heterogeneous. Among the homogeneous catalysts
are inorganic acids (HCl, H2SO4); organic acids (formic acid, maleic acid); salts (FeCl3, SnCl4);
heteropolyacid salts (MP34CsPW, H3PW12O40 (PW)); a combination of mineral acid + salt (HCl-NaCl,
H2SO4-FeCl3), as in our case; or combinations of different salts (CrCl2-LiBr). Among the heterogeneous
catalysts, we find zeolites (H-ZSM-5, H-Mordenite, H-Beta) or mesoporous acid-catalysts (MSHS-SO3H,
Nafion 117).
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There is also a combination of homogeneous and heterogeneous catalysts, such as inorganic
acid + zeolite (HCl-Sn-beta) or a polymer bound an acid + salt (PEG-OSO3H-MnCl2). As for the
forms of heating used, they could be grouped into two large groups, conventional ones like autoclave,
oil bath or oven preheating (360–420 ◦C), and a fluidized sand bath; and non-conventional ones, such
as microwaves (our case) and supercritical systems.

The initial xylose concentration used (Table 6) shows a wide range from just 5 g/L to 200 g/L, with
the average being around 50 g/L and the median of 30 g/L, which coincides with the value used in
this work. The temperatures used range from 100 ◦C to 250 ◦C, with the average being around 170 ◦C
and the median being 180 ◦C. If only microwave heating is taken into account, the temperature range
is shorter, 170–210 ◦C, where the average is just over 193 ◦C and the median is 200 ◦C, showing that
optimum temperatures with microwaves are higher when using other forms of heating. The times
used also show a wide range from 0.5 min (this work) to 240 min, with an average of 70 min, while
the average in the case of using microwaves around a third is about 25 min, showing itself as a faster
process and one that would also save energy [17,34]. The yields obtained range from 14% to 87%, with
the average being around 61%; meanwhile, taking into account only microwave heating, this average
would be around 55%; the value obtained in this work of 57% is in the order of these averages. If all
the values shown in Table 6 are analyzed to see how they affect the furfural yield, the following is
found: the highest values are given to short times (less than 20 min), high temperatures (180–200 ◦C)
(same trend found in this work), and the increase of the initial xylose concentration having a slight
negative effect.

With the idea of being able to increase the yield of furfural, one of the proposals is the biphasic
systems in such a way that furfural is produced in one phase and is selectively transferred to the
insoluble organic phase, avoiding its degradation and displacing the reaction balance. Several authors
have reported that they have doubled the performance of furfural when using a biphase system (with
methyl isobutyl ketone (MIBK) or cyclopentylmethyl ether (CPME)) versus a monophase system with
water only [10,17,49]. Table 7 shows some biphase processes with green solvents for the production
of furfural.
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Table 7. Yield results of furfural production from xylose in green solvents in biphase systems.

Xylose Solvent Catalyst Temperature/Time Heating Furfural
Yield (%) Ref.

1.85 wt% [bmim]HSO4-MIBK
(1:4.4, w/w) Not used 140 ◦C/4 h Oil bath 80.3 [50]

400 mmol/L
H2O H2O-2MTHF (1:1, v/v) FeCl3 (80 mM)-NaCl

(20 wt%) 140 ◦C/4 h Oil bath 71 [51]

4 wt% H2O
phase

H2O-CPME (1:2.33,
v/v)

H2SO4 (1 wt% H2O
phase)-NaCl (40 wt%

H2O phase)
170 ◦C/100 min Oil bath 100 [52]

1.25 mol/L
H2O H2O-CPME (1:3, v/v) FeCl3 (5.08 g/L)-NaCl

(18.13 g/L) 170 ◦C/20 min Microwave 74 [10]

1 mol/L H2O H2O-CPME (1:3, v/v) NaCl (23.75 g/L)-Nafion
NR50 (23.75 g/L) 170 ◦C/40 min Microwave 80 [49]

200 g/L H2O H2O-DMSO (1:1, v/v) SnCl4 (catalyst/xylose
molar ratio 0.5) 130 ◦C/6 h Oil bath 63 [53]

10 wt% H2O
phase

H2O-DMSO-SBP
(5:1:5, v/v/v)

Sn-MMT
(xylose-catalyst, 5:1
w/w)-NaCl (satured

solution, aprox.
36 g/100 g of H2O)

180 ◦C/30 min Autoclave 76.8 [54]

1 g/L,5 mL
H2O H2O-MIBK (1.5:8, v/v) [Sbmim]HSO4

(0.5g/1.5 mL H2O) 150 ◦C/25 min Autoclave 91.4 [55]

740 mmol/L
H2O H2O-MIBK (1:1, w/w) HCl (0.1 mol/L H2O) 170 ◦C/30 min Microwave 80 [17]

10 wt% of H2O H2O-THF (1:2, w/w) [SbPy]BF4 (100 wt% of
initial xylose) 180 ◦C/1 h Microwave 85 [56]

250 mmol/L
H2O H2O-THF (1:3, v/v) AlCl3-6H2O

(25 mM)-NaCl (1.5 M) 140 ◦C/45 min Microwave 75 [57]

MIBK, methyl isobutyl ketone; 2MTHF, 2 methyltetrahydrofuran; CPME, cyclopentylmethyl ether; DMSO, dimethyl
sulfoxide; SBP, 2-s-butilfenol; THF, tetrahydrofuran.

In these processes, mainly water, but also ionic liquids ([bmim]HSO4) were used as the
reaction phase solvents and organic cosolvents as follows: methyl isobutyl ketone (MIBK),
2-methyltetrahydrofuran (2MTHF), cyclopentylmethyl ether (CPME), dimethyl sulfoxide (DMSO),
2-s-butilfenol (SBP), and tetrahydrofuran (THF). In most cases, some kind of catalyst was used, either a
homogeneous catalyst such as inorganic acids (HCl), salts (SnCl4), a combination of mineral acid + salt
(H2SO4-NaCl), combinations of different salts (FeCl3-NaCl, AlCl3-NaCl) or ionic liquids ([Sbmim]HSO4,
[SbPy]BF4); or a combination of heterogeneous and homogeneous (Sn-MMT-NaCl, Nafion NR50-NaCl).
As for the forms of heating used, the processes could be grouped into conventional ones, including
autoclave and oil bath, and non-conventional ones such as microwaves. The initial xylose concentration
assayed shows a very wide range from 18.5 g/L to more than 600 g/L, with the average being around
150 g/L, or around 120 g/L in the case of microwave heating. The range of temperature was from 130 ◦C
to 180 ◦C, with the median being 170 ◦C, the same median value as in the case of microwave heating.
Concerning the values of the process time, a wide range from 20 min to 360 min was used, with an
average close to 110 min, with the average in the case of using microwaves around a third being about
39 min.

Microwave-assisted processes were faster than conventional heated processes, as in the case of
monophasic, and also more selective [34]. The yields obtained ranged from 63% to 100%, with the
average being around 80%, with the average value being very similar with microwave heating, at 79%.
The average value obtained in biphasic processes is 30% higher than the average value obtained in
monophasic processes (80% versus 60%). If all the values shown in Table 7 were analyzed to see how
they affected the furfural yield, it is found that the highest values were given at high temperatures
(170–180 ◦C) and at short times (less than 60 min), while the initial xylose concentration had no
apparent influence.
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4. Materials and Methods

4.1. Chemical Reagents

Xylose was purchased from Fagron (Terrassa, Spain); FeCl3 hexahydrate (99%) was purchased
from Emsure (Darmstadt, Germany); H2SO4 (98%) was purchased from Honeywell Fluka (Seelze,
Germany). All materials were used without further purification. Aqueous solutions were prepared
with deionized H2O.

4.2. General Procedure for Dehydration Treatment

All experiments were conducted using a microwave reactor (Anton Paar Monowave 400, Graz,
Austria). The xylose and the catalysts in different concentrations were charged in the 10 mL glass
vessel. The reaction volume was 4 mL; the xylose concentration was 30 g/L; and the catalysts used were
H2SO4 at 2% w/v acting as Brønsted acid and FeCl3 as Lewis acid, with a variable concentration [10,13].

The heating dynamic followed was to heat the sample to the set temperature in 2 min, maintaining
the temperature for the experiment time, and cooling down to 40 ◦C with compressed air. The magnetic
agitation during the heating and maintenance was 600 rpm, and it was 800 rpm during the cool
down period. The temperature was measured by an IR sensor (Anton Paar Monowave 400, Graz,
Austria). The pressure inside the glass vessel was also monitored throughout the experiments, through
the septum that covers it. The experimental conditions were set based on previous experiments
not included.

4.3. Methodology Based on the Design of Experiments

A two-level factorial design with three central points was carried out. The FeCl3 concentration in
the range of 0.1 and 0.3 M, the process time from 1 to 5 min, and the temperature between 170 and
200 ◦C were selected as factors, with a total of 11 experiments (Table 1).

The samples obtained in the microwave reactor were analyzed in high performance liquid
chromatography (HPLC), as detailed in Section 4.4, and the results in terms of xylose conversion,
furfural yield, and selectivity, as defined below, were taken as responses and statistically analyzed
with the commercial software Design Expert 7.0.0, Stat-Ease Inc (Minneapolis, MN, USA).

On the basis of the data obtained from this first factorial design, a second rotatable composite
central design was performed, where the range of variation for the factors was reduced as follows:
the concentration of FeCl3, 0.05–0.1 M; time, 0.5–1 min; and temperature, 190–200 ◦C. Moreover, five
center and star points (values above and below the experimental range for each of the factors) were
added (Table 3).

The liquors obtained were measured in HPLC and analyzed statistically as in the previous design.
These results were optimized to obtain the maximum yield of furfural and selectivity.

4.4. Analysis of the Liquid Fractions and Quantification of the Yield, Selectivity, and Conversion

The liquors obtained in the microwave reactor were analyzed by high performance liquid
chromatography (HPLC). The compounds were determined using an Agilent Technologies 1260 model
(Santa Clara, CA, USA) with ICSep ICE-COREGEL 87H3 column operating at 65 ◦C with 5 mM
sulfuric acid as the mobile phase (0.6 mL/min). Samples were previously filtered through 0.45 µm
nylon membranes.

Conversion of xylose, furfural selectivity, and yield were defined as follows:

Xylose conversion (%) =
Consumed xylose

Initial xylose
× 100 (1)

Furfural yield (%) =
Furfural produced

Furfural stoichiometric potential(∗) × 100 (2)
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(*) Furfural stoichiometric potential = Initial xylose × 0.64 (3)

Xylose conversion (%) =
Consumed xylose

Initial xylose
× 100 (4)

5. Conclusions

The analysis and comparison of results demonstrated the following:
Furfural can be obtained by dehydration of xylose, the main pentose found in lignocellulosic

materials, thus making use of these renewable sources of energy and biobased chemicals.
Temperature, time, and the concentration of iron chloride were identified as relevant factors of
the conversion process. Following a two experimental design approach and optimization by
response surface methodology, a highest yield of 57.1% along with 98.5% conversion was obtained.
The experimental conditions leading to the best result, including the highest temperature assayed
(210 ◦C) and lowest iron chloride concentration (0.05 M) and process time (0.5 min), can be used as a
starting point for the study of the conversion process using the whole lignocellulosic material, after
being subjected to the required operations.

The processes used to obtain xylose-rich liquors from lignocellulosic materials should be selective
on the hemicelluloses to solubilize the minimum amount of lignin, as this negatively affects the
production of furfural.

The use of microwave heating in both monophase and biphase systems allows shorter reaction
times, around one-third compared with conventional heating methods, which saves time and probably
also energy.

The highest furfural yield values are obtained at high temperatures and at short times in both
monophase and biphase systems.

Biphase systems increase the furfural yield on average by about 30% compared with monophase
systems, in each case, using green solvents.

Future investigations will be focused on the use of microwaves for heating and a biphase system
with green solvents on a xylose-rich liquor obtained from lignocellulosic materials. The methodology
found here to obtain the optimal conditions of temperature, time, and concentration of catalyst will be
applied to obtain furfural with a high yield. According to the current results, we would propose that
high temperatures, above 200 ◦C, should be tested.
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Abstract: The enzymatic hydrolysis of cellulose is inhibited by non-productive adsorption of cellulases
to lignin, and that is particularly problematic with lignin-rich materials such as softwood. Although
conventional surfactants alleviate non-productive adsorption, using biosurfactants in softwood
hydrolysis has not been reported. In this study, the effects of four biosurfactants, namely horse-chestnut
escin, Pseudomonas aeruginosa rhamnolipid, and saponins from red and white quinoa varieties, on the
enzymatic saccharification of steam-pretreated spruce were investigated. The used biosurfactants
improved hydrolysis, and the best-performing one was escin, which led to cellulose conversions
above 90%, decreased by around two-thirds lignin inhibition of Avicel hydrolysis, and improved
hydrolysis of pretreated spruce by 24%. Red quinoa saponins (RQS) addition resulted in cellulose
conversions above 80%, which was around 16% higher than without biosurfactants, and it was more
effective than adding rhamnolipid or white quinoa saponins. Cellulose conversion improved with
the increase in RQS addition up to 6 g/100 g biomass, but no significant changes were observed above
that dosage. Although saponins are known to inhibit yeast growth, no inhibition of Saccharomyces
cerevisiae fermentation of hydrolysates produced with RQS addition was detected. This study shows
the potential of biosurfactants for enhancing the enzymatic hydrolysis of steam-pretreated softwood.

Keywords: biosurfactants; cellulose; enzymatic saccharification; fermentation; quinoa saponins;
steam-pretreated spruce

1. Introduction

Biochemical conversion of lignocellulosic feedstocks by process steps including pretreatment,
enzymatic saccharification, and microbial fermentation is a major route to advanced biofuels and
bio-based chemicals and polymers. Softwood is a major potential feedstock for biorefining processes.
Softwood species include, for example, Norway spruce (Picea abies), which is among the predominant
tree species in Nordic forestry, and different varieties of pine, which is common both in boreal forests
and in plantation forestry in the Southern Hemisphere. Softwood typically contains more lignin
than hardwood or agricultural residues. The high lignin content greatly contributes to making
softwood recalcitrant to bioconversion [1]. Enzymatic saccharification of softwood typically results in
lower yields than what is obtained with other lignocellulosic materials treated with similar enzyme
dosages [2]. Although the exact mechanisms behind inhibition by lignin of enzymatic saccharification
of cellulose are not yet fully elucidated [3], a major issue behind that phenomenon is non-specific,
catalytically non-productive, and sometimes irreversible, binding of cellulases to lignin during
enzymatic hydrolysis [4]. Lignin hydrophobicity is an important factor behind this phenomenon [5].
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The non-specific adsorption of an enzyme to a substrate in a heterologous biocatalytic system,
such as the enzymatic hydrolysis of cellulose, can be alleviated by introducing a surfactant into
the medium [6,7]. A surfactant is an amphiphilic molecule composed of a hydrophobic portion
covalently linked to a hydrophilic moiety [8]. It is known that the addition of non-ionic surfactants,
i.e., those having a non-ionic hydrophilic moiety, improves the enzymatic hydrolysis of lignocellulosic
materials [9]. However, most of the surfactants that have so far been used as additives for enhancing
the enzymatic hydrolysis of cellulose are synthetic substances that are not biodegradable, and therefore
they are toxic to the environment [7]. Using biosurfactants, which are amphiphilic substances based
on renewable resources, often of microbial origin, has less impact on the environment, and it is,
therefore, a more sustainable approach than using conventional synthetic surfactants [10]. Due to their
specificity, biodegradability, and biocompatibility, biosurfactants have become very useful in different
sectors, such as bioremediation [11], and in the pharmaceutical, cosmetic [12], food, and petroleum
industries [13].

There are some examples of using biosurfactants in cellulose hydrolysis [14,15], but so far that
application has been relatively poorly investigated. Two groups of biosurfactants that have attracted
interest for lignocellulose bioconversion are rhamnolipids and saponins. Rhamnolipids, which contain
hydrophilic rhamnose moieties linked to hydrophobic β-hydroxylated fatty-acid chains [16], have been
used to prevent non-productive binding of enzymes to lignin during hydrolysis of herbaceous
lignocellulosic feedstocks and hardwood [7,17,18]. Wang et al. [17] observed that the addition of
rhamnolipids improved the activity and stability of cellulases, which resulted in an increase of the
release of reducing sugars, and they proposed that there is more than one mechanism involved in that
positive effect. Saponins, which are composed of a hydrophobic unit, a triterpenoid aglycone known
as sapogenin, and at least two hydrophilic glycoside moieties [19], have recently been used to improve
the enzymatic hydrolysis of residues from production of furfural from corn cobs [15,20,21].

Although the use of biosurfactants, such as rhamnolipids or saponins, has shown interesting
results in the hydrolysis of herbaceous materials, their application to more recalcitrant lignocellulosic
feedstocks, for instance, softwood, has, to our knowledge, not yet been reported. It is especially
interesting to investigate the effects of saponins that are discarded in residual streams of agro-processing,
for example, quinoa saponins. The coat covering quinoa seeds contains saponins that are related
with bitterness, and, therefore, the seed coats are removed when processing quinoa grain for food
use. In that operation, large amounts of saponin-rich residues are generated [22,23]. Although
saponins have potential utility because of their detergent activity, toxicity against viral diseases,
and cholesterol-lowering effects among other properties [24], the quinoa seed coat residue is currently
underutilized. A way of giving value to that waste stream could be by extracting the saponins,
and using them as biosurfactants, for instance, as enhancers of the enzymatic hydrolysis of cellulose.
However, this would be a new way to utilize quinoa saponins, and because of the antimicrobial
activity of saponins [25,26] including their toxic effect on yeast [27], it is not clear if it would be a
viable approach.

The objective of the current work was to investigate the potential of biosurfactants for improving
the enzymatic hydrolysis of cellulose contained in steam-pretreated spruce (SPS). Rhamnolipid from
Pseudomonas aeruginosa and three sorts of saponins, namely a commercial product of high purity and
two crude saponin extracts, were included in the study. Furthermore, the effects of saponin addition in
the enzymatic hydrolysis step on the ethanolic fermentation by Saccharomyces cerevisiae were evaluated.

2. Results

2.1. Effects of Rhamnolipid and Escin on Saccharification of Avicel in the Presence of Lignin

Enzymatic saccharification of 50:50 mixtures of Avicel and lignin, with or without the addition
of biosurfactants, was compared with saccharification of pure Avicel. Two commercially available
biosurfactants, namely rhamnolipid from P. aeruginosa [16] and escin, a saponin preparation from
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horse-chestnut seeds [28], were investigated in experiments in which they were added at a ratio of 2 g
surfactant per 100 g Avicel. The cellulose conversion during enzymatic saccharification of a mixture of
Avicel and lignin corresponded to around 77.0% of the conversion achieved in the reference reaction
(Avicel without lignin) (Section A of Table 1). This effect can be attributed to a large extent to the
non-productive adsorption of cellulases to lignin. When biosurfactants were added, the detrimental
effect of lignin decreased, and the enzymatic hydrolysis was improved, slightly (around 3%) for
rhamnolipid and remarkably (more than 15%) for escin. In the presence of escin, a relative cellulose
conversion of 92.4% was achieved, which corresponds to a reduction of around two thirds of the
inhibition caused by lignin.

Table 1. Cellulose conversion in enzymatic hydrolysis of Avicel/lignin mixtures (A) and steam-pretreated
spruce (SPS) (B) in the presence of biosurfactants.

Substrate Surfactant
Cellulose Conversion, % (w/w) 1

D2: 0 D2: 2 D2: 4

A

Avicel + lignin None 76.9 (0.4) - -

Avicel + lignin Rhamnolipid - 80.2 (3.3) -

Avicel + lignin Escin - 92.4 (3.1) -

B

Pretreated solids None 70.7 (5.2) - -

Pretreated solids Rhamnolipid - 75.7 (1.1) 79.6 (1.2)

Pretreated solids Escin - 87.2 (0.4) 87.4 (0.8)

Pretreated solids RQ saponin3 - 75.3 (2.0) 81.9 (0.5)

Pretreated solids WQ saponin4 - 73.0 (0.2) 76.8 (0.7)
1 The values shown in section A are percentages of the conversion in the lignin-free experiment; 2 biosurfactant
dosage (in g/100 g substrate); 3 crude saponin from red quinoa; 4 crude saponin from white quinoa. Mean of three
replicates. The standard deviations are shown in parentheses.

2.2. Effects of Rhamnolipid and Saponins on Saccharification of Steam-Pretreated Spruce

As a further investigation of the positive effects of the addition of biosurfactants observed in the
enzymatic saccharification of Avicel/lignin mixtures, experiments were made with a real lignocellulosic
substrate, viz. steam-pretreated spruce. The range of biosurfactants was extended with two crude
saponin extracts from seed coats of red and white quinoa varieties. Crude quinoa saponins are
products of potential industrial interest and they have functional similarities with escin, which was the
best-performing biosurfactant in the saccharification of Avicel. The biosurfactant dosage of 2 g/100 g
was used for facilitating the comparison with the Avicel experiment, but a larger dosage, 4 g/100 g,
was also evaluated considering that crude saponin extracts might have a weaker effect compared to
that of pure rhamnolipid and escin.

As in the experiment with Avicel/lignin mixtures (Table 1, Section A), rhamnolipid (RL) and escin
improved the hydrolytic conversion of the cellulose in steam-pretreated spruce (SPS) (Table 1, Section B).
The trend observed in the hydrolysis of SPS was comparable to that of Avicel hydrolysis. Escin was
similarly effective at both tested dosages (improvements of 23–24%), whereas the improvement
caused by RL was about twice as high (13%) at the higher dosage compared to the lower dosage
(7% improvement). Both quinoa saponin extracts also improved the enzymatic saccharification, and
red quinoa saponins (RQS) more than white quinoa saponins (WQS) (Table 1). As with RL, the
improvements caused by the quinoa saponins were highly dose-dependent (improvements of 16%
for RQS and 9% for WQS at high dosages, compared to 7% for RQS and 3% for WQS at low dosages).
The highest dosage of biosurfactant addition (4 g/100 g) resulted in cellulose conversion levels of 87.4,
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79.6, 81.9, and 76.8% for escin, RL, RQS, and WQS, respectively. The corresponding increases compared
to the reference reaction without a biosurfactant (24, 16, and 13% for escin, RQS, and RL, respectively)
were statistically significant (p-values ≤ 0.04).

2.3. Evaluation of Red Quinoa Saponins (RQS) Dosage during Enzymatic Saccharification

Although escin gave the best results, RQS, which was the second most effective among the tested
biosurfactants, also deserves attention as an additive to the enzymatic hydrolysis of steam-pretreated
spruce. Quinoa saponins, which can be easily extracted from quinoa seed coats, are a low-cost alternative
to more expensive biosurfactants. Furthermore, using quinoa saponins in lignocellulose bioconversion
might contribute to upgrading seed coats, which are an abundant and underutilized byproduct in
quinoa-producing countries [29]. Therefore, the dosages of RQS under different saccharification
conditions were further evaluated and optimized.

In order to elucidate how the effect of RQS changes when enzymatic saccharification is performed
at enzyme and substrate loadings higher than those assayed in the first experiment, three different
levels for the RQS dosage and for the loadings of enzymes and pretreated spruce were set according
to a Box–Behnken factorial design. The highest RQS dosage used for the experiments with different
biosurfactants (4 g/100 g biomass) was chosen as the center in the experimental design (Table 2).

Table 2. Experimental conditions used for the evaluation of the dosage of red quinoa saponins (RQS)
in the enzymatic hydrolysis of steam-pretreated spruce.

Experimental
Reaction RQS Dosage, g/100 g Biomass Loading, %

(w/w)
Enzyme Loading, FPU and

CBU/g dry Weight Substrate

1 4 5 5
2 2 5 7.5
3 6 5 7.5
4 4 5 10

5 2 10 5
6 6 10 5
7 4 10 7.5
8 2 10 10
9 6 10 10

10 4 15 5
11 2 15 7.5
12 6 15 7.5
13 4 15 10

Control 0 10 7.5

The Pareto chart of standardized effects shows that the dosages of both enzyme and RQS exerted
directly proportional effects on cellulose conversion, whereas substrate loading affected it inversely,
and none of the factor interactions exerted any important influence on the response variable (Figure 1a).
The response surface plots showed that the cellulose conversion decreased with the increase in the
substrate load (Figure 1b) and increased with the increase in the enzyme load (Figure 1c).

Independently of the load of enzyme and substrate, increasing the RQS dosage always led to a
clear increase in cellulose conversion. For instance, at 5% solids and 7.5 FPU/g, increasing the RQS
dosage from 2 g/100 g (experimental reaction 2) to 6 g/100 g (reaction 3) enhanced the conversion by
around 10% (from 66 to 73%, Figure 2a). The same applies for the experiments with 10% solids load,
at either 5 or 10 FPU/g, where the conversion increased, respectively, from 51% (reaction 5) to 57%
(reaction 6) and from 65% (reaction 8) to 71% (reaction 9) (Figure 2b) when the RQS dosage increased
from 2 to 6 g/100 g. The effect was also evident at the highest load of substrate (15%), where increasing
the saponins dosage from 2 g/100 g (reaction 11) to 6 g/100 g (reaction 12) at an enzyme loading of
7.5 FPU/g resulted in an 8% improvement (from 55.6% to 60.1%) of the cellulose conversion (Figure 2b).
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Another positive effect of addition of saponins was the reduction in the enzyme dosage required for
achieving similar cellulose conversion. For instance, in the experiments with 5% solids load, a 6 g/100 g
RQS dosage combined with 7.5 FPU/g cellulase loading (run 3) gave a conversion comparable with
that achieved by using 4 g/100 g saponins and 10 FPU/g (run 7) (Figure 2a). Similarly, at 10% solids,
both 2 and 6 g/100 g RQS addition combined with the lowest cellulase loading (5 FPU/g) (reactions 5
and 6) resulted in better conversion than that achieved with a 50% higher cellulase dosage and no
saponin (Control) (Figure 2b). This is in good agreement with previous reports showing that in the
enzymatic hydrolysis of furfural production residues, the addition of Gleditsia saponin alleviated the
negative effect on cellulose conversion caused by increased substrate loading [21].

Further details were revealed by examining the concentration of free protein in the reaction
mixtures at the end of hydrolysis in trials with similar enzyme loadings but different saponin dosages.
Independently of the amount of added enzyme, the final protein concentration was always higher
for reaction mixtures with higher saponin dosages (Table 3). For instance, for 7.5 FPU/g loading and
no saponin, the protein concentration at the end of the reaction was 34.6% of the initial, while in
the presence of RQS, the fraction of free protein was 38.1%. Similarly, in experiments with cellulase
loadings of 5 and 10 FPU/g, the fraction of protein remaining in the supernatant at the end of the
saccharification reaction increased by 10% by increasing the saponin loading from 2 to 6 g/100 g.

Table 3. Total soluble protein before and after enzymatic hydrolysis of steam-pretreated spruce.

Enzyme Loading,
FPU/g

Saponins Dosage,
g/100 g

Protein Concentration, mg/mL
Free Protein, %

Initial Final

5 2 1.24 (0.01) 0.48 (0.01) 38.7
5 6 1.24 (0.01) 0.58 (0.01) 47.7

7.5 0 1.39 (0.10) 0.48 (0.01) 34.6
7.5 4 1.39 (0.10) 0.53 (0.01) 38.1
10 2 1.69 (0.10) 0.56 (0.01) 33.3
10 6 1.69 (0.10) 0.76(0.04) 43.3

Neither the surface response plots (Figure 1b,c) nor a complementary experiment with a wider
RQS dosage range (between 2 and 12 g/100 g) revealed any optimal saponins loadings for the hydrolysis
of steam-pretreated spruce. Higher dosages than those included in the experimental design only
slightly affected the saccharification. For instance, the cellulose conversion achieved by an RQS
addition of 8 g/100 g showed no statistical difference compared to the value obtained with 6 g/100 g,
and higher dosages resulted in only marginal improvements (data not shown).

In order to estimate the fraction of RQS that adsorbed onto the lignin surface, the concentrations
of RQS remaining in the medium after the saccharification reaction were assessed (Table 4). The result
shows that RQS recovery after saccharification was higher when the initial dosage was low. For instance,
when the initial concentration was 2 g/L, half of the RQS remained free in the reaction mixture,
which points towards adsorption of the other half onto lignin. The RQS remaining in the medium
after hydrolysis increased with increasing initial concentrations, indicating that after a certain dosage,
no more saponin was adsorbed onto lignin.

Table 4. Change of the concentration of red quinoa saponins (RQS) after enzymatic hydrolysis.

RQSinitial, g/L RQSfinal, g/L RQS Recovery, %

2.0 1.0 (±0.1) 50.0
6.0 5.0 (±0.0) 83.3
8.0 7.5 (±0.1) 93.8

10.0 9.5 (±0.1) 95.0
12.0 11.6 (±0.1) 96.6

The enzyme loading was 7.5 FPU/g 100 g.
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2.4. Effect of Red Quinoa Saponins (RQS) on Ethanol Production by Saccharomyces cerevisiae

Although our experiments demonstrated the positive effect of biosurfactants on the enzymatic
saccharification of steam-pretreated spruce, it was not clear how red quinoa saponins can affect the
ethanolic fermentation of hydrolysates. Saponins can be toxic to different microorganisms. For example,
Quillaja saponaria saponins inhibit the growth of some yeast strains [27], and saponins from quinoa seeds
have been shown to exert antimicrobial, antifungal, vermicide, and anti-yeast activity [26,27]. Therefore,
an evaluation of the possible inhibitory effect of RQS on the fermentation of hydrolysates was performed.

To evaluate saponin toxicity, S. cerevisiae Ethanol Red, a robust yeast strain especially developed
for the ethanol industry [30], was used as the fermenting microorganism, and two parallel sets
of experiments were run. In the first set of fermentations, aimed at evaluating the effect of the
remaining saponins from that added in the enzymatic hydrolysis, spruce hydrolysates were used as the
fermentation medium. In the second experimental series, focusing on the effect of the saponins added
directly at the start of the fermentation, synthetic media supplemented with RQS were used. The RQS
additions to the synthetic medium were equivalent to the amounts added before the enzymatic reaction
for preparing the hydrolysates.

The glucose consumption and ethanol production during the course of the fermentation of
the hydrolysates showed that no inhibition occurred independently of the RQS dosage used in the
hydrolysis (Figure 3a). There was a short lag phase at the beginning of the fermentation, but it was not
caused by saponins since it was observed also in the RQS-free hydrolysate. After that, glucose was
consumed at a high rate in all the hydrolysates, and it was depleted after 24 h. Ethanol concentrations
of around 12 g/L were reached in the fermentation of the RQS-free hydrolysate, and between 16
and 18 g/L in the RQS-containing hydrolysates. That divergence was due to different initial glucose
concentrations, which were 24 g/L in the hydrolysate produced without saponins supplementation,
and 32–36 g/L in those produced with RQS addition (Figure 3a).Molecules 2019, 24, x FOR PEER REVIEW 8 of 17 
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Figure 3. Concentration of glucose (filled symbols) and ethanol (open symbols) during fermentation of
hydrolysates produced by enzymatic hydrolysis of SPS in presence of RQS (a) and synthetic media with
directly-added RQS (b). RQS dosages: 6 g/100 g biomass (rhombs), 8 g/100 g biomass (circles), 10 g/100 g
biomass (squares), RQS-free control (triangles). Ethanol yield in the fermentations of hydrolysates
(blue bars) and synthetic media (red bars) (c). Final glucose concentration after incubation of RQS with
(green bars) and without (white bars) cellulases (d). RQS concentrations in the synthetic media are
equivalent to the dosages used in hydrolysis. Mean of three replicates. The error bars correspond to
standard deviations.
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A different picture was observed when RQS was added to the synthetic medium right before
yeast inoculation. A strong inhibition was noticeable in all the saponin-containing assays, whereas
glucose was readily consumed in the saponin-free control (Figure 3b). In the presence of freshly
added saponins, no signs of metabolic activity were detected during the first 24 h, and some minor
sugar consumption and ethanol formation were evident only after 48 h. The ethanol yields per initial
glucose in the synthetic medium containing freshly-added RQS were negligible compared with that
of the saponin-free control, while in the hydrolysates, the yields were comparable independently
of the saponin concentrations used in the hydrolysis (Figure 3c). The statistical significance of the
differences between ethanol concentrations achieved in the fermentations of hydrolysates produced
with RQS addition and those achieved in fermentations of synthetic media with freshly added RQS
was confirmed by one-way analysis of variance (Table 5).

Table 5. One-way ANOVA for the ethanol concentration in the fermentation of hydrolysates produced
by enzymatic hydrolysis of SPS in the presence of RQS and in synthetic media with directly added RQS.

Source of
Variation

Sum of
Squares

Degree of
Freedom

Mean
Squares F-Ratio P-Value F Critical

Value

Between groups 1136.787 3 378.929 587.721 1.16 × 10−19 3.090
Within groups 12.895 20 0.645

Total 1149.681 23

In an additional experiment for helping to clarify the above-stated difference, incubation of RQS
with cellulases led to a dose-dependent glucose release (Figure 3d). This can be interpreted as an
evidence of saponin degradation as a result of the splitting of the glycoside moieties from sapogenins
during the enzymatic saccharification reaction.

3. Discussion

3.1. Effect of Biosurfactants on Enzymatic Hydrolysis of Avicel-Lignin Mixtures and Steam-Pretreated Spruce

The observed improvement in enzymatic hydrolysis can be attributed to the amphiphilic nature
of the added biosurfactants, whose hydrophilic head groups would protrude into the aqueous liquid
phase, while the hydrophobic tails would adsorb to exposed lignin on the surface of the pretreated
solids. As a consequence, lignin–cellulase interactions are obstructed, and the protein-binding activity
of lignin is reduced [15,31]. This results in an increase of the availability of effective cellulases to
catalyze cellulose hydrolysis, and, therefore, the hydrolytic conversion is improved.

The differences between the effects of rhamnolipid and escin might be connected to the different
chemical nature of their aglycones. Rhamnolipids are glycolipid biosurfactants with hydroxylated fatty
acid tails [32], while escin, being a saponin, contains a triterpenoid sapogenin as aglycone [33]. It seems
that rhamnolipid aglycone, probably due to the presence of a free carboxyl group and relatively short
carbon chains compared with the more hydrophobic escin sapogenin (Figure 4), is less effective in
adsorbing to lignin and thereby preventing the interference of lignin with the enzymatic saccharification
of cellulose. The pH of the media used in the experiments, pH 5.0, is around or above the normal pKa

values of carboxylic acid groups, which might further explain why short fatty acid tails of rhamnolipids
would be somewhat less effective in adsorbing to hydrophobic surfaces. The effect of P. aeruginosa
rhamnolipid in enzymatic hydrolyses of hardwood cellulose was recently reported for eucalyptus
wood chips [18], but no studies about using escin in lignocellulose hydrolysis are available to date.
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Figure 4. Molecular structures of rhamnolipid from P. aeruginosa (a) and horse-chestnut escin (b).

The cellulose conversions achieved in the enzymatic saccharification of steam-pretreated spruce
in the presence of escin, RL, and quinoa saponins (~77–87%) compare favorably with that of 74.9%
reported by Xing et al. [21] for Gleditsia saponin-supplemented enzymatic saccharification of residues
from production of furfural using corn cobs. Although the results by Xing et al. were achieved in
experiments with a high solids loading (20%), our results merit attention considering that the enzyme
load we used (15.4 FPU/g cellulose) was lower than theirs (30 FPU/g cellulose), our hydrolysis was
shorter (72 h instead of 120 h), and the lignin content of the SPS (48.8%) was higher than that of the
corn cob residues (45.3%).

Although all the tested biosurfactants exerted at least some positive effect on enzymatic hydrolysis,
the magnitude of the effect was different. The differences between the effects of escin and rhamnolipid
might be attributed to the different chemical functionalities of their aglycones (Figure 4). The different
effect between quinoa saponins and escin saponin, which have the same chemical nature, are probably
linked to their purity, i.e., the used escin was a chemically pure compound, while quinoa saponins
were used in the form of crude extracts that were not subjected to any major purification. It is more
difficult to explain why the effects of saponins from different quinoa varieties were so different, but one
reason could be that the chemical properties of saponins differ slightly from each other.

As it occurs with other biosurfactants, when saponins are added to the enzymatic hydrolysis
mixture, the hydrophobic aglycone would adsorb to lignin and block unspecific adsorption of cellulases.
With increasing hydrophobicity of the aglycone, the propensity of the saponin to adsorb to lignin would
increase, and a further reduction in the unspecific binding of cellulases to lignin would occur. Quinoa
saponins are rather heterogeneous, and they can differ in either the sapogenin moiety, the glycoside
component, or both of them [24]. It can be hypothesized that saponins with highly hydrophobic
aglycones would better prevent non-productive adsorption than those whose aglycones are less
hydrophobic. The presence of hederagenin, a triterpenoid with certain polarity due to a free hydroxyl
group (Figure 5a), as a major aglycone in WQS [34] might make them slightly less hydrophobic than
those from red quinoa varieties, where sapogenins without polar functionalities, such as oleanolic acid
(Figure 5b), are predominant. Furthermore, the hydrophobicity of the red quinoa pigments, which are
apparently retained in the saponin extract, might also have played a role in increasing the RQS affinity
for lignin. The hydrophobic binding properties of amaranthine, one of the main pigments in red
quinoa, have been previously shown [35]. Amaranthine and iso-amaranthine are abundant in saponins
from red quinoa but are absent in saponins from white quinoa [34].
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Overall, the results confirm our hypothesis of a positive effect of biosurfactants on the enzymatic
hydrolysis of pretreated softwood. As for less recalcitrant materials [14,15,17,18,20,21], RL and saponins
enhanced the enzymatic hydrolysis of cellulose contained in steam-pretreated spruce. The potential of
chemically synthesized surfactants for improving the enzymatic hydrolysis of pretreated softwood has
been shown before [6,36], but the current study is, to the best of our knowledge, the first time that the
use of biosurfactants is reported for that kind of feedstock.

3.2. Evaluation of Red Quinoa Saponins (RQS) Dosage during Enzymatic Saccharification

It has been shown before that the problem of catalytically non-productive binding of cellulases to
lignin is more pronounced when low enzyme loadings, as those required in the industry, are used [37].
On the other hand, lignin from different biomass sources can bind cellulases to a different extent [38],
and there are indications that the binding capacity of softwood lignin is higher than that of lignins
from other materials [39]. Some of our experiments with pretreated softwood were conducted with
cellulase loadings as low as 5 FPU/g biomass, and even at those low loadings, the positive effect of
RQS was evident (Figure 1c). This, together with the low cost of quinoa saponins, provides a solid
argument favoring their use as additives for the large-scale bioconversion of softwood.

The higher concentrations of free protein at the end of the saccharification reactions in experiments
with higher saponin dosages (Table 3) can be linked to the observed saponin-induced reduction in
the enzyme requirement for achieving comparable cellulose conversion (Figure 2). This phenomenon
indicates that the surfactant effect of saponin weakens the cellulase-binding capacity of lignin.
This would result in more cellulase becoming available for catalyzing the saccharification of cellulose [6].

The fact that no optimal RQS dosage was found in enzymatic hydrolysis might be related
to micellar phenomena and lignin saturation resulting from high saponin concentrations in water.
The experiment revealed that when the saccharification reaction is carried out using increasing RQS
dosages, a threshold is reached, after which no further positive effects of the added surfactant are
discernible. This might be because at a high RQS dosage the critical micelle concentration is reached,
and the formed micelles hinder the diffusion of reactants and restrict the enzymatic reaction [15,40].
Since the physical and physico-chemical properties of saponin micelles depend on their biological
origin [41], a further study in this area for saponins from different quinoa varieties would be of interest.
It is also possible that lignin gets saturated, and no more saponins are adsorbed onto its surface
independently of the amount added (Table 4). Consequently, RQS dosages above the saturation
threshold would not affect the enzymatic hydrolysis of cellulose. This explains why no significant
improvement of the enzymatic conversion was observed with saponin dosages above 6 g/100 g.
Based on this, one can consider 6 g/100 g as an optimal RQS dosage within the experimental conditions
investigated in this study. Our results are in line with a recent report showing that the glucose yield
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in enzymatic hydrolysis of organosolv-pretreated poplar sawdust increased proportionally with the
saponin dosage only until a certain threshold, and after that it levelled off [42].

3.3. Effect of Red Quinoa Saponins (RQS) on Ethanol Production by Saccharomyces cerevisiae

The observed inhibition of the fermentation of synthetic medium with freshly-added RQS agrees
with previous studies of the effects of saponins on the yeast microflora in winemaking [27]. That toxicity
is related to the increase of yeast cell membrane permeability induced by saponins when their aglycones
interact with sterols and hydrophobic tails of phospholipids, damaging the integrity of the plasma
membrane and promoting the leakage of proteins and other intracellular constituents [25]. With that
as background, the result that there was no inhibition of the fermentation of hydrolysates that were
produced using RQS as a supplement was surprising and interesting. The different response of yeast to
the saponin added to the preceding saccharification compared to that directly added to the fermentation
reaction can be attributed to transformations happening during enzymatic hydrolysis.

We hypothesize that the absence of inhibition of the fermentation of the hydrolysates might be
explained by either lowered concentrations of saponins in the medium or by their decreased toxicity as
a result of the chemical reactions. One explanation could be that the saponin molecules, after adsorption
to the lignin on the surface of pretreated solids, remain attached to it, and are removed from the liquid
phase when it is separated from the solid phase after the reaction. In that case, the actual saponins
concentration in the hydrolysates subjected to fermentation would be lower than the concentration
added before enzymatic hydrolysis and lower than the RQS concentration in the synthetic medium.
Another explanation could be that enzymes split off RQS sugar moieties from aglycones during the
saccharification reaction, which decreases the saponins concentration and their detrimental effect
on plasma membrane integrity. It has been shown that removal of sugars from saponins reduces
their membrane-permeabilizing ability and antimicrobial activity. For instance, the heterologous
expression of tomatinase, an enzyme that cleaves sugar moieties, in S. cerevisiae resulted in increased
resistance to saponins [43]. In the current study, splitting of saponin sugar moieties was confirmed in an
experiment, where incubation of RQS with cellulases for 72 h resulted in a clear increase in the glucose
concentration compared with that observed when RQS was incubated without the enzyme preparation
(Figure 3d). It is evident that cellulases, or perhaps other enzymes in the enzyme preparations used,
can hydrolyze the β-glucosidic bonds between the D-glucopyranosyl moieties of saponin and the
triterpenoid sapogenin.

Another hypothesis that could be considered is related to the potential fermentation-enhancing
capacity of the released sapogenins. It could be so those sapogenins resulting from partial splitting of
saponin sugar moieties during enzymatic hydrolysis, and still remaining in the hydrolysate, could be
favorable for yeast in a similar way as for structurally related substances, such as certain sterols,
that provide protection against ethanol toxicity during winemaking [44].

4. Materials and Methods

4.1. Pretreatment of Material

Norway spruce chips were pretreated by SEKAB E-Technology using a 30-L stainless steel
reactor operating in continuous mode in the Biorefinery Demonstration Plant (Örnsköldsvik, Sweden).
Unbarked wood chips were treated at 204 ◦C with addition of 1.2–1.3 kg SO2/h, corresponding to a 2%
(w/w) load of SO2 per dry wood chips. The residence time in the reactor was 7 min, and the resulting
pH was 1.5. The slurry obtained after the pretreatment was vacuum-filtered in order to separate the
pretreatment liquid and the pretreated solids, which were washed with deionized water, and stored
at 4 ◦C. The dry weight of the pretreated solids was determined by drying triplicate aliquots in a
moisture analyzer (Mettler Toledo, Greifensee, Switzerland). The pretreated solids used as substrate in
the enzymatic saccharification experiments contained (mass fraction, % dry weight): cellulose, 43.9;
mannan, 2.2; xylan, 1.1; lignin, 48.8.
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4.2. Enzymes and Chemicals

The enzyme preparations used were Celluclast 1.5L, with 50 FPU (filter paper units)
per mL, and Novozyme 188, with 510 IU of β-glucosidase activity per mL [procured from
Sigma-Aldrich (St. Louis, MO, USA) and produced by Novozymes A/S (Bagsværd, Denmark)].
Cellulase and β-glucosidase activities were determined by the filter paper method and the
p-nitrophenyl-β-d-glucopyranoside (pNPG) assay, respectively [45]. Microcrystalline cellulose
(Avicel PH-101, Sigma Aldrich), hereafter referred to as Avicel, was used in some enzymatic
hydrolysis experiments. Rhamnolipid (RL) from Pseudomonas aeruginosa was acquired from
Sigma-Aldrich. The saponins used in the saccharification experiments were escin from horse-chestnut
(Aesculus hippocastanum), which is a high-purity saponin commercialized by Sigma-Aldrich, and raw
saponins from red (RS) and white (WS) varieties of royal quinoa (Chenopodium quinoa Willd.).
Raw saponins were kindly provided by Irupana Andean Organic Food S.A. (El Alto, Bolivia) and
further sieved (1–1.7 mm) using a portable sieve shaker at the Instituto de Investigación y Desarrollo de
Procesos Químicos, Universidad Mayor de San Andrés (La Paz, Bolivia). Saponin from Quillaja saponaria
bark, supplied by Sigma-Aldrich, was used for analytical purposes. The used lignin was produced at
Thünen Institute of Wood Research (Hamburg, Germany) by sulfuric acid-assisted organosolv pulping
of beech wood [46].

4.3. Microorganism and Media

S. cerevisiae Ethanol Red (Fermentis Ltd., Marcq-en-Baroeul, France) was used as the fermentative
organism. Yeast precultures in Erlenmeyer flasks (100 mL) were obtained by cultivation in 25 mL of
growth medium containing (in g/L) glucose (20), yeast extract (5), and Bacto Peptone (5). The cultivation
was pursued for 16 h at 150 rpm and 28 ◦C in an Ecotron orbital incubator (INFORS HT, Bottmingen,
Switzerland). The cells were separated by centrifugation at 9000 rpm and 20 ◦C for 10 min, washed with
sterile deionized water, and then suspended in sodium chloride 0.9% (w/v) right before inoculation.

4.4. Enzymatic Saccharification of Avicel in Presence of Lignin and Biosurfactants

Around 50 mg (DW, dry weight) Avicel and 50 mg lignin were suspended in 50 mM citrate buffer
(pH 5.0) in 2-mL Eppendorf tubes giving a final solids load of 5% DW (w/w). The enzyme preparations
Celluclast 1.5 L and Novozyme 188 were added at dosages corresponding to 15.4 FPU and 15.6 CBU per
g cellulose. Rhamnolipid and escin were added at a ratio of 2 g per 100 g of Avicel (Table 1). A reference
reaction with no lignin and no surfactants was also included. The reaction mixtures were incubated at
50 ◦C and 180 rpm for 72 h in the Ecotron orbital incubator, and each assay was performed in triplicate.
Representative samples, withdrawn at the start and the end of the reaction, were centrifuged, and the
glucose concentration in the supernatants was quantitated by HPLC, and used for calculating the
enzymatic conversion of cellulose.

4.5. Enzymatic Saccharification of Steam-Pretreated Solids in Presence of Biosurfactants

Five hundred mg (DW) pretreated solids were mixed with 50 mM citrate buffer (pH 5.0) in 15-mL
Falcon tubes giving a final solids load of 5% DW (w/w). Saccharification reactions were performed
using Celluclast 1.5 L and Novozyme 188 added in the same loadings and under the same conditions
as described above (Section 4.4). RL and the three different sorts of saponins (escin and crude saponins
from either red or white quinoa) were added simultaneously with the enzymes at loadings of 2 and
4 g/100 g pretreated solids. A reaction without any added biosurfactants was performed as control.
The enzymatic conversion of cellulose was calculated according to the following expression:

EC =
Glu/1.111

CellPS ∗MassPS/100
(1)
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where: EC, enzymatic conversion, % (w/w); Glu, glucose mass in the hydrolysate, g; 1.111, coefficient
considering water addition to anhydroglucose units during hydrolysis; CellPS, cellulose content in
the pretreated solids, % (w/w); MassPS, mass of pretreated solids sample in the enzymatic hydrolysis
assay, g.

4.6. Assessing the Red Quinoa Saponins (RQS) Dosage on Enzymatic Hydrolysis

In a first step, the effects of the RQS dosage (2, 4, and 6 g/100 g DW pretreated solids) at different
enzyme loadings (5, 7.5, and 10 FPU and CBU/g substrate) and loadings of pretreated solids (5, 10, and
15% (w/w)) on cellulose conversion were evaluated using a Box–Behnken factorial design (Table 2).
Standardized Pareto charts and response surface plots were used for analyzing the effects of the
independent factors on the enzymatic conversion of cellulose. An experiment without saponins, and at
the conditions corresponding to the central point of the experiment, was carried out as reference.
As some sugar can be released from RQS during enzymatic hydrolysis, a substrate blank, i.e., a reaction
with RQS and enzyme but without substrate, was used for correcting the glucose values in the rest
of the experiment. An enzyme blank was also included. The hydrolysis was run following the same
protocol as described above (Section 4.4), with the exception that sampling was performed at 0, 4, 24,
48, and 72 h. The software Statgraphics Plus 5.0 for Windows (Manugistics Inc., Rockville, MD, USA)
was used for designing the experiment and analyzing the results.

In a second step, a wider range of saponin dosages (0, 6, 8, 10, and 12 g/100 g pretreated solids)
was evaluated in a study, where the other parameters were kept constant. The loads of solids and
enzymes corresponded to the values of the central point of the above-described experiment.

4.7. Fermentation of Synthetic Medium and Hydrolysate in Presence of Red Quinoa Saponins (RQS)

Fermentations of either the hydrolysate containing RQS added before enzymatic hydrolysis or
synthetic medium with freshly added RQS were performed. The hydrolysate was produced using
substrate loading 10% (w/w), enzyme loading 7.5 FPU, and 7.5 CBU/g substrate, and RQS dosages
of either 6, 8, or 10 g/100 g DW substrate. The hydrolysate was supplemented with the following
nutrients (in g/L): yeast extract (5), NH4Cl (2), KH2PO4 (1), and MgSO4·7H2O (0.3). The synthetic
medium contained (in g/L): glucose (20), yeast extract (5), and Bacto Peptone (5). The synthetic
medium was supplemented with RQS in concentrations that were equivalent to the dosages used in
the preparation of the hydrolysate medium. The pH of both media was adjusted to 5.0 with 10 M
NaOH. The hydrolysate was filter-sterilized using Acrodisc syringe filters (Pall, Ann Arbor, MI, USA),
while the synthetic medium was sterilized by autoclaving at 110 ◦C for 5 min. Eight mL of hydrolysate
or 20 mL of synthetic medium in Erlenmeyer flasks were inoculated with 1 g/L of yeast cells, and the
fermentations were carried out at 30 ◦C and 150 rpm for 72 h. Samples were taken after 4, 24, 48, and
72 h of fermentation. All fermentations were performed in triplicates.

4.8. Analytical Methods

The composition of the pretreated solids was analyzed by using two-step treatment with
sulfuric acid according to the NREL protocol [47]. The sugars were quantified by high-performance
anion-exchange chromatography (HPAEC) with pulsed amperometric detection (PAD). A Dionex
ICS-3000 system (Sunnyvale, CA, USA) equipped with a 3 × 30 mm guard column and a
3 × 150 mm separation column (CarboPac PA20, Dionex) was used. Acid-insoluble lignin
(Klason lignin) was determined gravimetrically, whereas acid-soluble lignin (ASL) was determined
spectrophotometrically at 240 nm using a UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan).
Glucose and ethanol concentrations from enzymatic hydrolysis and fermentations were quantified
by using a high-performance liquid chromatography (HPLC) instrument equipped with a refractive
index detector. An Aminex HPX-87H column (Bio-Rad Labs, Hercules, CA), operated at 55 ◦C with
5 mM H2SO4 as mobile-phase (0.6 mL/min), was employed for separation. Saponin concentration
was determined by a modification of the afrosimetric method [48] using Q. saponaria bark saponins
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as calibration standard. The method is based on measuring the height of the foam column formed
after successive shakings of a saponin suspension in 50 mM citrate buffer (pH 5.0) within two 15-min
intervals. Total soluble protein was determined with the Bradford method using bovine serum albumin
(BSA) as standard [49]. Non-adsorbed protein (%) in supernatants was calculated as the relation
between the final (after 72 h) and initial concentrations of protein according to the following equation:

Non− adsorbed protein =

(
Final protein
Initial protein

)
× 100 (2)

One-way analysis of variance (ANOVA) was applied for evaluating the statistical difference
between the results of experiments with different biosurfactant dosages. After that, post hoc t-tests
were performed to determine if the difference between specific dosages was statistically significant.

4.9. Formatting of Chemical Structures

The molecular editing software ChemDoodle 10.3.0 (https://www.ichemlabs.com/) was used for
drawing chemical structures.

5. Conclusions

The results of the current study showed that adding biosurfactants to enzymatic saccharification
reactions reduces non-productive binding of cellulases to lignin and effectively enhances the hydrolytic
conversion not only in artificial cellulose/lignin mixtures but also in steam-pretreated softwood.
Saponins, both commercial escin and crude extracts from quinoa, were highly effective as enhancers
of the enzymatic hydrolysis of cellulose contained in steam-pretreated spruce. Adding red quinoa
saponins to the enzymatic hydrolysis of steam-pretreated spruce did not cause any inhibitory effects on
the fermentation of the resulting hydrolysates using S. cerevisiae. Red quinoa saponins deserve further
attention as a saccharification enhancer due to their effectiveness, innocuity, low cost, and relative
abundance as an agricultural by-product in quinoa-producing countries.
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Abstract: The bioproduction of high-value chemicals such as itaconic and fumaric acids (IA and FA,
respectively) from renewable resources via solid-state fermentation (SSF) represents an alternative to
the current bioprocesses of submerged fermentation using refined sugars. Both acids are excellent
platform chemicals with a wide range of applications in different market, such as plastics, coating, or
cosmetics. The use of lignocellulosic biomass instead of food resources (starch or grains) in the frame
of a sustainable development for IA and FA bioproduction is of prime importance. Filamentous
fungi, especially belonging to the Aspergillus genus, have shown a great capacity to produce these
organic dicarboxylic acids. This study attempts to develop and optimize the SSF conditions with
lignocellulosic biomasses using A. terreus and A. oryzae to produce IA and FA. First, a kinetic study
of SSF was performed with non-food resources (wheat bran and corn cobs) and a panel of pH and
moisture conditions was studied during fermentation. Next, a new process using an enzymatic
cocktail simultaneously with SSF was investigated in order to facilitate the use of the biomass as
microbial substrate. Finally, a large-scale fermentation process was developed for SSF using corn cobs
with A. oryzae; this specific condition showed the best yield in acid production. The yields achieved
were 0.05 mg of IA and 0.16 mg of FA per gram of biomass after 48 h. These values currently represent
the highest reported productions for SSF from raw lignocellulosic biomass.

Keywords: lignocellulosic biomass; solid-state fermentation; enzymatic hydrolysis; aerated bioreactor;
Aspergillus oryzae

1. Introduction

Solid-state fermentation (SSF) has emerged in the last decades as a promising industrial process
for several products, especially using agricultural byproducts as the substrates [1,2]. SSF involves the
growth of a microorganism on solid particles in the quasi absence of free water, and the majority of
processes are performed by filamentous fungi under aerobic conditions [3]. The substrates used in SSF
are often the source of nutrients for the microorganisms, and the inter-particle spaces allow gas and
nutrients exchange between fungal hyphae and the medium. Fungi also behave as biocatalysts for
the bioconversion of the substrates into specific target products such as bio-based fuels, commodity
chemicals, enzymes, bioactive compounds, or food products [4].

SSF offers several advantages compared to submerged fermentation (SmF) such as high volumetric
productivity, product concentration, simpler and smaller bioreactors because of the minimal free water,
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a lower sterilization cost, less generation of effluents (reduced cost of effluent treatment), and easier
aeration due to lower density of the corresponding medium with high porosity [5,6]. Finally, the
conditions of SSF mimic the natural environments of the filamentous fungi. However, the SSF process
is slower compared to SmF, and all fermentation conditions cannot be controlled precisely. The main
factors affecting fungal growth and metabolism in SSF are the selection of a suitable microorganism
and substrate for the targeted generation of products, the pre-treatment of the substrate, the moisture,
the temperature, and the removal of metabolic heat and gas transfers [7].

One of the most interesting biotechnological applications of SSF is the production of commodity
chemicals [8,9]. The biosynthesis of chemicals from biomass creates a sustainable alternative to the
conventional chemical synthesis based on fossil resources [10,11]. In the last two decades, many
molecules produced from biomass with a large range of applications have been described [12,13]. Many
of these building blocks are organic acids because of their capacities to generate high-value products
for widespread industries such as food, pharmaceuticals or polymers [14–16]. The biosynthesis
of by filamentous fungi has been studied extensively, and Aspergilli are often used for industrial
production [17].

Among the organic acids, fumaric and itaconic acids (FA and IA, respectively) are included
on the DOE’s (Unites State Department of Energy) list as part of the top twelve biomass-derived
platform chemicals [12]. Both acids are polyfunctional building blocks that can be polymerized for
instance, to give homo- or co-polymers for applications in textile, chemical, and pharmaceutical
industries. IA can be used to replace acrylic acid, an important and rather costly chemical that is
non-renewable so far, while FA can be used as food additive and in psoriasis treatment [14,16]. These
acids are part of the tricarboxylic acid (TCA) cycle, FA being a direct intermediate in the cycle and
IA a derivate of cis-aconitate acid, and both are produced under aerobic conditions. Currently, the
industrial production of FA is via catalytic isomerization of fossil-based maleic acid. However, FA
could also be produced biologically as an intermediate of the TCA cycle that is present in most aerobic
organisms. Laboratory-scale fermentations with Rhizopus oryzae have shown interesting productivities
in SmF of lignocellulosic biomass, around 0.35 g/g corn straw [18,19]. IA is produced industrially
by Aspergillus terreus in SmF with glucose as the principal carbon and energy source to a yield of
100 g/L [20–22]. The biosynthesis involves the action of the cis-aconitate decarboxylase (CAD) enzyme
to transform the cis-aconitate into itaconate. The presence of CAD in A. terreus has been demonstrated
in different studies, but this enzyme is also present in another Aspergillus species; A. oryzae [23,24].
This aerobic, filamentous fungus is frequently used in SSF processes due to its capacity to hydrolyze
the lignocellulosic substrates by enzymatic degradation [25]. Nevertheless, the production of IA and
FA by SSF with lignocellulosic biomass has not been studied extensively in the literature. A method of
SSF using sugarcane pressmud as a support for IA production, which yielded 0.0003 g kg−1 h−1, was
patented in 2001 [26]. In this case, the main carbon source for the acid production has been added as
liquid medium and the remaining sucrose for the sugarcane was a supplementary source. A maximum
productivity of 0.021 g kg−1 h−1 of FA was reported via SSF of corn distiller grains by R. oryzae [27]. In
a previous study, we have shown the capacity of A. terreus and A. oryzae to produce both acids by SSF
process [28,29]. The yields obtained by A. oryzae from corn cobs were the most interesting, with 0.05
and 0.18 mg acid/g biomass of IA and FA, respectively. As expected, both productivities were lower
than values reported from SmF processes utilizing soluble sugars in liquid media.

The aim of this work was to optimize the bioproduction of IA and FA in SSF by two Aspergillus
species (A. terreus and A. oryzae) using lignocellulosic biomass as a non-food carbon source (wheat bran
and corn cobs). As it is a complex and recalcitrant structure, lignocellulosic biomass is often predigested
to be used as a sugar source for fermentation [30]. The bioconversion is carried out by enzymes produced
under specific conditions by many microorganisms [31]. This saccharification process requires several
hydrolytic enzymes such as cellulases, hemicellulases, xylanases, etc. [32]. The biomass pretreatment is
one of the most expensive part of the lignocellulosic material conversion in an industrial scale. Therefore,
the process could be coupled with the fermentation in a simultaneous saccharification–fermentation
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step, in order to improve the process yields. The study of this simultaneous process can open the
possibility to decrease cost and time for an industrial activity in future. Several factors were studied to
enhance organic acid production yields (pH, moisture content, enzyme hydrolysis) and large-scale
fermentations were tested using these optimized factors.

2. Results

2.1. Solid-State Fermentation Kinetics

Fermentations were performed for both fungal species using both biomasses, wheat bran, and
corn cobs. Organic acid production and fungal growth were studied. The determination of protein
secretion level showed that A. terreus and A. oryzae present different development trends on wheat
bran and corn cobs, Figure 1. The growth of A. oryzae on wheat bran reached a plateau after 120 h
whereas A. terreus grew more slowly and regularly for more than 200 h on both substrates. Both
species grew better on wheat bran than on corn cobs, as reported before in our previous studies, where
both fungi species were capable of producing higher amounts of hydrolytic enzymes on wheat bran
biomass [28,29]. These results were also confirmed by visual observations. More FA was produced
from wheat bran with 0.8 and 0.6 mg/g biomass for A. terreus and A. oryzae, respectively, at the end
of the fermentation with a regular increase in the yields. On corn cobs, FA production displayed a
completely different profile, with a maximum yield after 48 h (0.14 and 0.12 mg/g for A. terreus and
A. oryzae, respectively) and then a regular decrease.

Figure 1. Fermentation kinetics on lignocellulosic biomasses: itaconic acid (IA) and fumaric acid (FA)
yields and protein production (fungal growth) from wheat bran (A,C) and corn cobs (B,D) by A. terreus
(A and B, respectively) and by A. oryzae (C and D, respectively).

Although the fungal growth was significantly higher on wheat bran, IA was produced only on
corn cobs for both fungi, Figure 1. The different composition of both biomasses [28] may explain
this behavior. A maximum IA yield of 0.025 mg/g corn cobs was produced by A. oryzae at 168 h of
fermentation. At the same fermentation time, A. terreus produced half of this amount (0.012 mg IA/g
biomass). The fungal biomass of A. oryzae was 15 times lower on corn cobs than on wheat bran and
almost 2.5 times lower than the one of A. terreus on corn cobs.
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2.2. Optimization of the SSF Steps

After testing the fermentations with both biomasses and fungi, the optimization steps were
performed in two different ways. Firstly, a study with varying pH and humidity levels was carried
out with corn cobs, to further improve the IA production. Secondly, an optimization of A. oryzae
fermentation (displaying the highest IA production yield) was performed both on wheat bran and
corn cobs by adding an enzyme cocktail to better hydrolyze the lignocellulosic biomasses. That could
allow a more efficient conversion of accessible fermentable sugars in order to increase the yield of the
fermentation products.

2.2.1. Effect of pH and Moisture Level

Optimum pH and moisture level are crucial factors in SSF processes to obtain maximum yields of
the products of interest [6,33]. The initial and previously tested conditions for corn cob fermentation
(Section 2.1.) were pH 5 for the inoculation and 90% humidity. To optimize the pH and moisture
conditions, five different pH values and five different moisture levels were evaluated for the inoculation
step of the biomass culture, Figure 2 and Figure S1 in Supplementary Materials.

Figure 2. Solid-state fermentation (SSF) on corn cobs at different pH and moisture levels by A. terreus
(IA and FA yields: A and B, respectively) and A. oryzae (C and D, respectively).

For A. terreus, both acids were produced with higher yields at pH 6, as reported before [28,34]. The
moisture content influenced the IA and FA production differently. The best IA production, 0.025 mg
IA/g corn cobs, was observed at pH 6 and 130% humidity (Figure 2A) i.e., a doubling of the production
compared to the initial conditions (pH 5 and 90% humidity). FA was produced at a yield of 0.095 mg/g
biomass (pH 6 and 70% humidity), which is also almost twice the production at initial conditions
(Figure 2B). For both acids, a clear trend is that a neutral pH (pH = 7) seems too high (Figure 2A,B).
This observation is in good agreement with previous results obtained for SmF [31].

A. oryzae also showed a preference for pH 6, for the production of both acids (Figure 2C,D). In
the case of IA, the highest yield was 0.045 mg/g biomass at 110% humidity (Figure 2C), which is
slightly higher than the yield under the initial conditions (0.039 mg IA/g biomass) and almost twice
the yield obtained with A. terreus. Under the same conditions (pH 6, 110% humidity), 0.091 mg FA/g
was produced (Figure 2D). It is not the highest yield since at 130% humidity, the production was even
higher (0.111 mg/g biomass).
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2.2.2. Enzymatic Hydrolysis

The enzymatic cocktail was obtained by SSF of wheat bran by A. oryzae, as shown in previous
studies [29], the solid fermentation of the biomass allows to produce higher protein content with
specific lignocellulolytic enzymes for biomass degradation. The cocktail can be store at −20 ◦C and
used for simultaneous SSF.

The enzyme cocktail produced by A. oryzae showed the best enzymatic activity for endoxylanases
(Table 1), which are responsible for hemicellulose hydrolysis. Hemicellulose is the most abundant
part of corn cobs [35,36]. Moreover, cellulase and xyloglucanase activities were also found,
suggesting an efficient biomass digestion. When the enzymatic cocktail was used for simultaneous
saccharification-fermentation of corn cobs, A. oryzae rapidly secreted proteins (i.e., it grew) in the first
20 h, and a plateau was subsequently reached (Figure 3B) approximately at the same level as with the
raw biomass (Figure 1D). Surprisingly, with the treated wheat bran (Figure 3A), the fungi secreted half
of the proteins compared to the untreated biomass (Figure 1C). Moreover, the treatment had a dramatic
negative effect on the production of FA from wheat bran (Figure 3A) with a yield (0.08 mg/g biomass)
almost 8 times lower than without pretreatment (0.6 mg/g of biomass) (Figure 1C). In contrast, for corn
cobs, the FA yield was feebly increased to 0.15 mg/g biomass. The profile of FA production from corn
cobs (Figure 3B) was similar to the one without the enzyme cocktail (Figure 1D) with a yield reaching a
maximum (after ca. 50 h) followed by a decay.

Table 1. Enzymatic activities (in ∆OD/g*min*) of the enzymatic cocktail obtained from SSF of wheat
bran by A. oryzae.

α-Amylase activity 18.10
Cellulase activity (cellulose) 4.69

Endoxylanase activity 70.30
Cellulase activity (xyloglucan) 10.11

Enzyme activities were expressed in arbitrary units corresponding to optical density variations (∆OD) per minute
and per gram of biomass, due to the unknown extinction coefficient of AZCL substrate (Megazymes, Ireland).

Figure 3. Kinetics of simultaneous saccharification and fermentation of wheat bran (A) and corn cobs
(B) by A. oryzae.

The best contribution of the enzyme cocktail was observed for the production of IA. According
to our knowledge, the use of such enzymatic cocktail allowing IA production from wheat bran was
reported for the first time in this study. IA production was detectable after 22 h, and a maximum
yield of 0.046 mg/g biomass was obtained after 66 h (Figure 3A). With corn cobs, IA production is
clearly detected earlier (14 h), and a yield of 0.052 mg/g biomass was achieved (Figure 3B) that was
twice the maximum yield produced without enzymatic treatment for optimized pH and moisture level,
Figure 2C.
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2.3. Kinetics of SSF with Optimized Conditions

According to previous results, the optimum fermentative process was 80 h at pH 6 and 110%
humidity. Figure 4 presents the glass flasks and shows the development of A. oryzae through the
fermentation (with a green color indicating a high spore concentration). The fungus grew progressively
during the fermentation until 0.22 mg of protein/g of biomass was obtained, as shown earlier (at pH 5
and 90% moisture level) at the same time of fermentation (Section 2.2.1). In relatively good agreement,
FA production was only slightly enhanced (+ 10%) with a maximum yield of 0.16 mg/g biomass within
48 h (Figure 4). However, for IA, the enhancement was higher because the production was more than
doubled (0.051 mg/g biomass) after 48 h and higher (0.061 mg/g) after 80 h (factor 2.4). As generally
described for fungi, A. oryzae metabolism is greatly influenced by pH and the humidity level at the
start of the fermentation step [37,38].

Figure 4. Kinetics of SSF on corn cobs by A. oryzae under optimized conditions (pH 6 and 110% moisture).

2.4. Larger Scale Fermentation

To develop and analyze the scaling up, the fermentation was performed with 200 g of corn cobs
i.e., 20 times more than for the previous glass flasks experiments. The optimized conditions of pH and
moisture (i.e., 110% moisture and pH = 6) were applied for the scaled-up fermentation. Aeration plays
an important role in SSF for the transfer of oxygen and the evacuation of the carbon dioxide produced.
Aeration is also used (Figure 5) to dissipate the metabolic heat generated by fermentation [39]. The
mixture of substrates (solid lignocellulose particles and fungal mycelium) also helps to equilibrate the
gas exchange, temperature, and moisture level [3], avoiding the disruption of the mycelial-substrate
contact, which is particularly important for A. oryzae, for instance, to produce the degrading enzymes
to hydrolyze the biomass.
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Figure 5. Illustration of aerated plastic bag fermenter (at left), made from autoclavable biohazard bags
in polypropylene with an aeration hole covered by a gas exchange Miracloth film (Millipore, USA).
Prior to autoclaving (middle), corn cobs were introduced as well as the air and humidification tubes
(autoclavable tubes in PVC used for the liquid bioreactor). Right: Operative fermenter with aeration
and the inoculum to be injected.

Two different processes were used to test the influence of both aeration and mixing. A monolayer
reactor presenting the same conditions as the glass flasks except for size was compared with an aerated
plastic bag fermenter. The plastic bag fermenter was gently mixed on a rocker shaker and distilled
water was added in a timely manner to equilibrate the moisture level. The fungal growth was clearly
different between the two fermenters (Figure 6). The aerated plastic bag yielded nearly twice the
proteins concentration (0.26 mg/g biomass) as the monolayer fermenter (0.15 mg/g biomass) at the
end of the fermentation. Compared with the glass flask fermentation (0.22 mg protein/g biomass,
Figure 4) the monolayer fermenter produced less protein whereas the aerated one displayed an amount
of protein similar to the small-scale fermentation. This difference in fungal growth was also obvious
in observing A. oryzae sporulation, which occurred earlier for the monolayer fermenter (until the
second fermentation day) than for the aerated fermenter. This premature sporulation indicates that
mycelial development was interrupted by inadequate conditions. The aeration and the loss of humidity
correction increased the fungal development and also delayed the sporulation.

Figure 6. SSF in larger scale fermenters of A. oryzae from corn cobs: Organic acid productions and
protein secretion (growth).

The FA production was not affected by the different conditions (0.09 mg/g biomass in both reactors),
probably because 96 h of fermentation was not an optimized time to recover FA as shown in the glass
flask (Figure 4) where the maximum FA yield was produced at 36 h. Conversely, IA production was
60% higher in the aerated fermenter (Figure 6) than in the monolayer reactor.
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3. Discussion

From the SSF kinetics experiments, we can conclude that IA production was inversely linked to
growth. Both acid yields were lower than the yields from the current SmF [31–33], then the optimization
of the fermentative conditions is necessary to enhance the acid production. During the optimization
steps, we could observe how low moisture content causes slower enzyme secretion from the fungus due
to the lower solubility of the nutrients and the low level of growth [37,38] (Figure S2 in Supplementary
Materials). However, acidic pH (3–5) and low moisture often allowed better production of the acids
(Figure 2B,D). This behavior is not observed at higher pHs. These observations are in agreement
with the fact that in SSF, pH variation significantly impacts the production and the stability of the
enzymes [5,39], with several enzymes responsible for biomass hydrolysis during growth. The pH
effect on the organic acid production was in accordance with the simultaneous fermentation and
enzymatic hydrolysis study performed previously [29]. Even if the enzymatic cocktail did not improve
the growth of the fungus nor FA production, the cocktail created better conditions to produce IA. FA
is an intermediate metabolite of fungal fermentation, and its production is directly linked with the
development of the microorganism unlike IA, a secondary metabolite [34]. The time lag between growth
and IA production is perfectly consistent with a secondary metabolite behavior. These results showed
the importance of a separated optimization of FA and IA production, as well as the time of recovery of
the carboxylic acids during the fermentation, especially from a continuous production perspective.

The acid yields for the simultaneous saccharification and fermentation process were higher in
comparison with the best results obtained for optimized pH and moisture (pH = 6 and 110% humidity)
with corn cobs and A. oryzae, (Figure 2C,D). However, the production of the enzyme cocktail required
four additional days for the entire process. Therefore, the most interesting strategy for the acid
production was the kinetic fermentation of corn cob biomass by A. oryzae with the optimized conditions
of pH and humidity. The kinetic curves showed the differential production over time for both acids,
leaving the possibility to improve and optimize the time production of the acids if focusing exclusively
on one of them. In this case, the pH and the moisture should be adapted from the previous results
(Figure 2 and Figure S1 in Supplementary Materials).

The literature is deficient concerning SSF of FA and IA without biomass pretreatment. For IA, a
mutant of A. terreus displays a productivity of 0.0003 mg/g h with sugarcane pressmud supplemented
with sugars and nutrients [26]. The result obtained in this study was more than two times higher
(0.00076 mg/g h) by A. oryzae (novel IA producer) with a lignocellulosic substrate without any nutrient
addition [29]. Our study can contribute to further optimization on the fermentation conditions
(pH, humidity, and aeration level), that combined with new studies using metabolic engineered
microorganisms [40,41] providing better yields in IA production from lignocellulosic materials.

Regarding the larger scale fermentation in the plastic bag prototype reactor, the improvement
in acid production could be explained by the better supply of oxygen and moisture in the fermenter.
Indeed, IA fermentation is strictly aerobic, and previous studies showed that a gain in dissolved oxygen
and agitation induced higher yields [42,43]. The moisture level could affect the IA production. Below
70% humidity, the nutrient transfers are limited, and the metabolism is affected [44]. In our experiment,
water addition along with aeration may allow better fermentation conditions of the air-solids-water to
enhance IA production. Most of these factors were studied for A. terreus, long known as an IA producer.
However, for A. oryzae, conditions still need further optimization. Even if the IA yield obtained in the
aerated fermenter (0.05 mg/g biomass) was similar to the small glass flask, the final production was
multiplied by 20. Of course, the yields obtained in this work are still far from the industrial scale target,
and further work in optimizing the fermentation conditions and down-stream processing have to be
carried out. Anyway, A. oryzae, which showed the most interesting enzymes production for biomass
degradation, seems to be an excellent candidate for further studies.
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4. Materials and Methods

4.1. Feedstock and Microorganisms

Two agricultural waste biomasses used as non-food carbon sources were wheat bran and corn
cobs obtained from Comptoir Agricole (Lauterbourg, France). The lignocellulosic material was milled
(SX 100, Retsch) to obtain particles that were 0.5–1 mm in size. The water activity (Aw) was measured
on 1 g of dry substrate by an Aw meter Fast-lab (GBX, France).

A. terreus (DSM 826) was provided by the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ, Braunschweig, Germany). A. oryzae (UMIP 1042.72) was provided by the Fungal
Culture Collection of the Pasteur Institute (France). The strains were revived on potato dextrose broth
medium (PDB) for 5–6 days at 25 ◦C. The microorganisms were then grown and sporulated on potato
dextrose agar (PDA). The spore suspensions were harvested from 5–6-day-old PDA plates with 0.2%
(v/v) Tween-80. The spores were counted using a Malassez counting chamber and stored at −20 ◦C.

4.2. Initial SSF Step

In glass flasks, 5 g of solid substrate were autoclaved at 121 ◦C and 3 bars, for 20 min. The substrates
were inoculated with spore suspensions to have an initial concentration of 106 spores/g of substrate.
Initial moisture was adjusted to 120% for wheat bran and 90% for corn cobs (both corresponding to
an Aw near 1). After thorough mixing, the flasks were covered with a porous adhesive film (VWR,
Radnor, PA, USA) and incubated at 30 ◦C for 6 days. Unless specified otherwise, these fermentation
conditions were maintained throughout the study. All the experiments were conducted in duplicate.
After fermentation, the samples were recovered by mixing the fermented substrate with sterilized
distilled water (7 mL/g of initial dry substrate). The preparations were centrifuged (8000× g for 15 min)
to eliminate residual solids. Then, another centrifugation step was performed on the supernatants to
remove mycelia and spores (13,600× g for 30 min). The resulting solution was finally filtered through a
0.2 µm membrane. The samples were analyzed by high-performance liquid chromatography (HPLC,
Waters, Milford, MA, USA) and were stored at −20 ◦C for additional analysis.

4.2.1. pH and Humidity Level Optimization

The initial pH and humidity levels were varied to screen the best conditions for organic acid
production. Citrate-phosphate buffer solutions, pH 3 to 7, were prepared. The moisture content was
set at 50, 70, 90, 110, and 130 v/w. Five pH conditions were crossed with five relative humidity level,
generating 25 different conditions performed with biological duplicates in SSF.

4.2.2. Enzyme Production for Biomass Hydrolysis

The enzymatic cocktail preparation was performed in a plate with 250 g of wheat bran by A. oryzae.
The inocula were prepared with 300 mL of Tris buffer at pH 10 to achieve a final spore concentration of
106 per g of biomass, and the incubation temperature was 25 ◦C during the 4 days. The enzymatic
cocktail was recovered with 1500 mL of sodium phosphate buffer at pH 6 and filtered with a Vivaflow
200 system (Sartorius, Göttingen, Germany). The cocktail was stored at 4 ◦C, and enzyme activities
were determined.

4.3. Scale-Up Steps

Fermentation at a higher scale, with 200 g of biomass, was performed in two different types of
reactor. A monolayer reactor consists of a glass plate covered with a gas exchange Miracloth film
(Millipore, Temecula, CA, USA). The second reactor is a prototype of an aerated reactor (Figure 5).
This fermenter was made from an autoclaved polypropylene laboratory bag with a central opening
covered with a gas exchange film of Miracloth. Two PVC tubes were introduced and connected to
stone ceramic air diffusers (3 mm in diameter). Another PVC tube was added for inoculation and
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double distilled water addition. The entire reactor was autoclaved with the biomass inside. During
fermentation, double distilled water was added at the rate of 11 mL per day to keep the moisture
constant (considering 10% evaporation/day). The aeration was provided by an air pump AC-9906
(Resun, Shenzhen, China) at a flow rate of 840 L/hour. A rocker mixer (ThermoFisher, Waltham, MA,
USA) was used to shake the fermenter in order to uniformly add the water to the biomass. The
influence of these controlled conditions of air and moisture content on the acid production could be
studied for the plastic bag reactor but not for the monolayer reactor.

4.4. Analytical Procedure

4.4.1. Mycelial Growth (Protein Assays)

To determine the fungal proteins produced during the fermentation, Bradford method was
used [45]. All the samples were centrifuged and filtered (0.22 µm) before analysis to eliminate the
spores. The protein assay was calibrated using BSA (bovine serum albumin) as the standard.

4.4.2. Organic Acid Assays

A chromatographic system based on a 616 pump, a 2996 photodiode array detector operating in a
range of 200 to 450 nm, and a 717 Plus autosampler (Waters, Milford, MA, USA) controlled by Empower
2 software (Waters, Milford, MA, USA) was used to analyze the samples, as previously described [29].
The columns were calibrated using commercial IA and FA samples with a 99.9% purity (Sigma-Aldrich,
San Luis, MO, USA) and a UV measurement at 205 nm. Each sample was supplemented with 10 ppm
IA or FA as the internal standard to confirm the acid production.

4.4.3. Enzyme Activity Assay

Chromogenic substrates, azurine-crosslinked (AZCL) polysaccharides such as AZCL-HE-cellulose,
AZCL-xylan, AZCL-xyloglucan, or AZCL-amylose (Megazyme, Bray, Ireland), were used to measure
the enzyme cocktail activity. The samples were collected and analyzed as previously described [28], by
spectrophotometry determining absorbance of the supernatant at 595 nm that corresponds with the
solubilization of dyed compounds (AZCL) by the enzymes present in the cocktail.

5. Conclusions

The IA production process appears to be ideally amenable to SSF conditions, as demonstrated
in this work. However, the fermentation conditions still need further optimization to provide yields
similar to the yields obtained by submerged fermentation, considering the use of lignocellulosic
substrates. Additionally, the use of a novel species, A. oryzae (which is used industrially for enzyme
production) opens up the possibility of creating a biorefinery process for the production of both
organic acids and enzymes. The use of agricultural wastes and cheap and non-food substrates in the
bioprocess could lower IA production costs and could therefore promote the use of bio-based IA in
the polymerization process to replace petroleum-derived polymers. Furthermore, the simultaneous
production of another organic acid as FA by Aspergillus species can open the possibility to adapt the
use of different lignocellulosic biomass for particular building blocks production. Moreover, in the case
of downstream purification processes for both IA and FA, the opportunity of co-polymerization could
be an interesting case of study. Anyway, the results showed that time production as well as the fungi
needs can differ between IA or FA production, and specific individual optimization for SSF should also
be done. Moreover, further studies need to be performed in the use of commercial enzymatic cocktails
to improve the production yields, but also to understand the need for better biomass hydrolysis in
SSF. In this sense, A. oryzae seem to be a great candidate for commercial enzymes production. One
possibility could be the use of metabolic engineering to guaranty the strong lignocellulolytic enzyme
release combined with specific metabolic route for IA or FA, exclusively. In this work, the organic acids
yields were slightly lower than those obtained in previous studies. However, the global time-lapse of
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the process was greatly decreased considering that no previous pretreatment steps were preformed, or
enzymatic cocktails were collected.

Supplementary Materials: The following are available online. Figure S1. SSF on corn cobs at different pH and
moisture levels by A. terreus and A. oryzae; Figure S2. Fungal growth (proteins productions) under different pH
and moisture conditions.
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Abstract: Nowadays, more and more attention is paid to the development and the intensification of
the use of renewable energy sources. Hemp might be an alternative plant for bioenergy production.
In this paper, four varieties of Polish industrial hemp (Białobrzeskie, Tygra, Henola, and Rajan)
were investigated in order to determine which of them are the most advantageous raw materials
for the effective production of bioethanol. At the beginning, physical and chemical pretreatment of
hemp biomass was carried out. It was found that the most effective is the alkaline treatment with
2% NaOH, and the biomasses of the two varieties were selected for next stages of research: Tygra
and Rajan. Hemp biomass before and after pretreatment was analyzed by FTIR and SEM, which
confirmed the effectiveness of the pretreatment. Next, an enzymatic hydrolysis process was carried
out on the previously selected parameters using the response surface methodology. Subsequently,
the two approaches were analyzed: separated hydrolysis and fermentation (SHF) and a simultaneous
saccharification and fermentation (SSF) process. For Tygra biomass in the SHF process, the ethanol
concentration was 10.5 g·L−1 (3.04 m3·ha−1), and for Rajan biomass at the SSF process, the ethanol
concentration was 7.5 g·L−1 (2.23 m3·ha−1). In conclusion, the biomass of Polish varieties of hemp,
i.e., Tygra and Rajan, was found to be an interesting and promising raw material for bioethanol
production.

Keywords: hemp biomass; alkaline pretreatment; SEM; FTIR; response surface methodology; SHF;
SSF; bioethanol

1. Introduction

The European Union countries have been obliged to achieve a certain share of biofuels
in transport and to take measures to reduce greenhouse gas emissions. It is, therefore,
necessary to replace diesel and gasoline with biofuels which are produced from lignocel-
lulosic raw materials and represent an advantageous option for the fuels currently in use
due to their renewable nature and the emission of an acceptable quality exhaust gases.
Currently, mainly three biofuels are produced: bioethanol, biodiesel, and biogas. According
to the EU RED II directive, the contributions of advanced biofuels and biogas produced
from raw materials listed in Annex IX, part A to this directive, including lignocellulosic
feedstocks as a share of final energy consumption in the transport sector are expected to
be at least: 0.2% in 2022, 1% in 2025, and 3.5% in 2030 [1]. The production of biofuels
from plant biomass is innovative and contributes to the solution of the key issue in the
production of biofuels for transport fuels.

In Poland, high expectations are associated with plant biomass due to a significant
amount of waste, including that from agri-food sector and the available acreage of agri-
cultural land that can be used for the cultivation of energy crops. In recent years, there
has been an increase in the acreage of cultivated industrial hemp (Cannabis sativa L.) in
Poland (over 1000 ha). The cultivation of hemp for seed purposes is intensively developed,
and there is unused hemp biomass in the field, which can be a suitable raw material for
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the production of lignocellulosic ethanol. Hemp is an environmentally friendly plant
characterized by a short vegetation period (3–4 months), a rapid growth up to 4 m in height,
and a dry matter yield up to 15 Mg·ha−1. These plants improve soil quality and are useful
for the remediation of degraded land (e.g., in the region of lignite mine). Hemp is also
extremely resistant, perfectly adapts to various climatic conditions, is resistant to various
pests, requires a slight number of pesticide treatments, and the cultivation of 1 ha of hemp
in one season absorbs approximately 11 Mg of CO2 from the atmosphere [2–4].

The dry matter yields of these hemp varieties described in this study were as fol-
lows: Białobrzeskie 8–10 Mg·ha−1, Tygra 8–11 Mg·ha−1, Henola 7–8 Mg·ha−1, and Rajan
9–12 Mg·ha−1. Based on the data from 2016 (the own research of the Institute of Natural
Fibres and Medicinal Plants—National Research Institute), it was estimated that, in Poland,
the acreage of devastated and degraded land requiring reclamation and constituting a po-
tential area for hemp cultivation for energy purposes amounts to approximately 65,000 ha.
In the INF&MP-NRI, the Hemp Program is carried out, the aim of which is to develop
hemp cultivation for seed reproduction. As part of this program, cultivation acreage is
significantly increasing every year: 420 ha in 2018, 1000 ha in 2019, and 2000 ha in 2020.

The use of hemp waste straw for the production of lignocellulosic ethanol is beneficial
for the environment, as it results in a rational management of bio-waste. The straw
remaining after the ginning of the hemp panicles is not suitable for textile purposes, but
it can be used, e.g., as a raw material for the production of bioethanol. Additionally, the
dynamic growth of the hemp cultivation acreage in Poland may significantly contribute to
increasing the efficiency process of obtaining bioethanol.

The process of plant biomass conversion to lignocellulosic ethanol includes several
stages, from the preparation of plant material (effective pretreatment), through enzymatic
hydrolysis, i.e., the decomposition of polysaccharides into fermentable sugars (the se-
lection of effective enzymatic preparations) and to ethanol fermentation (the selection
of appropriate microorganisms). The production of bioethanol from lignocellulosic raw
material consists of the deconstruction of cell walls into individual polymers and the
hydrolysis of carbohydrates into simple sugars. Currently, one of the main challenges is to
increase the efficiency of the fermentation of organic substrates, and alternative solutions
that directly affect the quantity and the quality composition of the final product are still
being researched.

Hemp biomass as a lignocellulosic raw material contains a polymer complex, i.e.,
lignocellulose, which is relatively resistant to biodegradation. It is found in cell walls and
consists of cellulose, hemicelluloses, and lignin. Cellulose and hemicelluloses are potential
substrates in the fermentation process, while lignin adversely affects the conversion of
hemp biomass. This necessitates the use of the pretreatment of biomass, the purpose of
which is to fragmentate the solid phase and loosen the compact structure of lignocellulose.
Recent advances in biomass pretreatment can be found in the review article by Bing et al. [5].
The second important stage in the process of obtaining bioethanol from hemp biomass
is enzymatic hydrolysis, which determines the amount of simple sugars metabolized by
yeast in the fermentation process. The hydrolysis process can be carried out as the SHF
process—separate hydrolysis and fermentation (enzymes operate at 50–60 ◦C)—or the
SSF (process of simultaneous saccharification and fermentation), where enzymes must
be adapted to the conditions of the fermentation process, i.e., 30–40 ◦C. The last stage
in the process of hemp biomass conversion is the ethanol fermentation of the obtained
hydrolysates. A method that combines cellulose hydrolysis with sugar fermentation in one
bioreactor seems to be more effective and economical [6–11].

The aim of the presented study was to indicate which of the four Polish varieties
of industrial hemp (Białobrzeskie, Tygra, Henola, and Rajan) are the most suitable raw
materials for the effective production of lignocellulosic ethanol. Thus far, no literature
has been published about the possibility of using these Polish varieties of hemp as a raw
material in the process of obtaining bioethanol.
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2. Results and Discussion
2.1. Hemp Biomass Preparation

The hemp biomass of the four varieties (Białobrzeskie, Tygra, Henola, and Rajan) was
first cut into fragments up to 1 cm in size and then was comminuted by the knife mill for
mesh sizes of 2 and 4 mm. In order to choose the most favorable fractions, the content
of reducing sugars released during an enzymatic test was determined. It was found that
the highest values of reducing sugars were obtained for fractions up to 2 mm, and two
varieties, Tygra and Białobrzeskie, showed higher sugar values for the tested fractions
compared to Rajan and Henola (Table 1).

Table 1. The amount of reducing sugars (mg·g−1) released after an enzymatic test depending on the
fraction size.

Hemp Biomass 4 mm 2 mm

Białobrzeskie 65.1 ± 0.06 68.5 ± 0.26
Tygra 73.3 ± 0.14 76.3 ± 0.17
Rajan 51.3 ± 0.32 57.8 ± 0.04

Henola 50.4 ± 0.07 54.8 ± 0.16

2.2. Alkaline Pretreatment

The purpose of chemical pretreatment is removing lignin from materials with ligno-
celullose and increasing the accessibility of biomass structure. The type of a reagent used
has a significant effect on the performance of the chemical pretreatment. Sodium hydroxide
is one of the most popular alkaline reagents used in this process.

The optimization of the concentration of sodium hydroxide used in alkaline treatment
for the four varieties of hemp biomass was carried out based on the amount of reducing
sugars released after the enzymatic test. Concentrations ranging from 1.5% to 3% were
tested (Table 2). It was found that, for Tygra and Białobrzeskie varieties, for 2% NaOH,
the amount of released reducing sugars was about 13% higher than for 1.5%. In turn, for
3% sodium hydroxide, the content of reducing sugars was at a similar level. For Henola
and Rajan varieties, a completely different correlation was observed; the lowest level
of released reducing sugars was noted for the concentration of 3% NaOH, while, at the
concentration of 2%, the content of reducing sugars was the highest. Moreover, it was
noted that two of the varieties, i.e., Tygra and Rajan, were characterized by over 10%
higher content of reducing sugars than Białobrzeskie and Henola, which proves that these
are the varieties more susceptible to the alkaline pretreatment. Based on the obtained
results, the concentration of sodium hydroxide at the level of 2% was selected for further
research. Kumar et al. [12] conducted similar research and stated that the sodium hydroxide
pretreatment of lignocellulosic biomass resulted in the highest level of delignification at 2%
NaOH. In turn, Zhao et al. [10], in the research on the use of American industrial hemp for
the production of bioethanol, used the alkaline treatment of 1% NaOH.

Table 2. The amount of reducing sugars (mg·g−1) released after an enzymatic test depending on the
NaOH concentration.

Hemp Biomass 1.5% 2% 3%

Białobrzeskie 163 ± 0.78 178 ± 1.37 173 ± 0.23
Tygra 183 ± 1.43 206 ± 0.87 203 ± 1.70
Rajan 190 ± 2.54 180 ± 0.68 176 ± 0.55

Henola 159 ± 1.86 166 ± 1.15 147 ± 1.33

Efficient pretreatment should decrystallize cellulose, depolymerize hemicelluloses,
reduce the formation of inhibitors that hinder carbohydrate hydrolysis, require low energy
expenditure, and recover value-added products such as lignin.
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To confirm the efficiency of the alkaline treatment, the determination of the chemical
composition of hemp biomass after NaOH treatment was performed and compared to the
chemical composition of the biomass before pretreatment. The results are presented in
Table 3.

Table 3. The chemical composition of hemp biomass (percentage of dry matter); BP: before pretreat-
ment; AP: after pretreatment.

Variety Samples Cellulose
(%)

Hemicelluloses
(%)

Lignin
(%)

Białobrzeskie BP 50.10 ± 0.18 32.10 ± 0.22 15.40 ± 0.03
AP 61.46 ± 0.37 21.59 ± 0.06 15.12 ± 0.16

Tygra BP 50.82 ± 0.12 27.79 ± 0.33 14.68 ± 0.46
AP 62.70 ± 0.09 20.16 ± 0.16 15.12 ± 0.22

Henola BP 46.82 ± 0.04 29.94 ± 0.45 15.48 ± 0.17
AP 57.62 ± 0.08 20.33 ± 0.22 17.80 ± 0.06

Rajan BP 48.69 ± 0.39 31.43 ± 0.04 16.72 ± 0.08
AP 59.30 ± 0.33 19.91 ± 0.25 18.40 ± 0.18

The analysis of the chemical composition of the hemp biomass before and after
treatment showed that, in all the four varieties, the alkaline treatment resulted in a visible
increase in the cellulose content (by approximately 10%) and the partial degradation of
hemicelluloses (as much as 12% for the Rajan variety). The highest content of cellulose
after treatment was found in the following varieties: Tygra, Białobrzeskie, and Rajan, and
its level was approximately 60%. In the case of the lignin content, only for the Białobrzeskie
hemp biomass, a very slight reduction was observed after the alkaline pretreatment. In
the case of the remaining varieties, the tendency was contrary. Similar observations were
reported by Stevulova et al. [13], who examined the chemical composition of hemp biomass
before and after the pretreatment with sodium hydroxide and proved that the content of
lignin after the pretreatment was 7% higher than before.

At this stage, due to better properties, availability, and higher yield, only two types of
biomass of the Tygra and the Rajan varieties were selected, for which further research on
bioethanol production was continued.

The effect of the alkaline treatment on Tygra and Rajan hemp biomass was also
confirmed by Fourier transform infrared spectrometer (FTIR) shown in Figure 1a,b and by
scanning electron microscopy (SEM) shown in Figure 2.

An effective method for studying the structure of biomass after alkaline treatment
is FT-IR [14]. Figure 1a,b show the changes in FTIR spectra after the alkali treatment of
hemp biomass between 600 cm−1 and 4000 cm−1. On the spectra of both varieties, typical
vibration bands in the cellulose molecule were observed at 3300 cm−1, 2900 cm−1, and
1610 cm−1. The broad band in the 3600–3100 cm−1 region, which was due to the OH
stretching vibration, gave considerable information concerning the hydrogen bonds. The
peaks characteristic of hydrogen bonds from the spectra of the Rajan variety AP became a
little sharper and more intense compared to the Rajan variety BP. However, in the case of
the Tygra variety, this band was less intense. The 2900 cm−1 peak corresponding to the
C–H stretching vibration in the case of the Tygra variety shifted to higher wavenumber
values and slightly decreased in the intensity. These changes could have resulted from
both the increased amount of cellulose after the treatment (2.2, Table 3) and the reduced
cellulose crystallinity [15,16]. The band at 1610 cm−1 from the stretching vibrations of
the O–H bonds, due to the adsorbed water in the sample, decreased, especially for the
Rajan variety, which could be attributed to water loss due to drying the sample [17]. The
intensities of peaks at 1160−1170 cm−1 (asymmetric C−O−C stretching from cellulose) and
1110−1120 cm−1 (C−OH skeletal vibration in cellulose) increased after pretreatment in
both types of biomass. Furthermore, the intensity at 1050−1060 cm−1 (C−O−C pyranose
ring skeletal vibration ascribed to cellulose) also increased slightly after alkali pretreatment.
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These changes were confirmed by the increase in the concentration of cellulose in the
pretreated biomass in the chemical composition tests (2.2, Table 3) [18].
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Figure 1. (a) The FTIR spectra of the Tygra biomass before and after the alkaline treatment. (b) The
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Figure 2. The SEM images of hemp biomass: (a) Tygra biomass before pretreatment, (b) Tygra biomass
after pretreatment, (c) Tygra biomass after enzymatic hydrolysis, (d) Tygra biomass after enzymatic
hydrolysis—selected fragment in high magnification, (e) Rajan biomass before pretreatment, (f) Rajan
biomass after pretreatment, (g) Rajan biomass after enzymatic hydrolysis, (h) Rajan biomass after
enzymatic hydrolysis—selected fragment in high magnification.

The vibration band visible at 1730 cm−1 (C=O stretching of acetyl groups in hemi-
celluloses and aldehydes in lignin) [19] was reduced in both hemp varieties after alkaline
treatment, while the change was much more significant for the Rajan variety where the
band almost disappeared. This occurred due to the decomposition of hemicelluloses and
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the solubilization of lignin during alkali pretreatment. This result correlates very well
with the obtained results of the chemical composition of the biomass after pretreatment.
According to these studies, the content of hemicelluloses after alkaline treatment in the
Rajan variety decreased by as much as 12% (2.2, Table 3).

Moreover, the obtained FTIR spectra showed that the removal of lignin in the alkaline
treatment process was problematic (band at 1510 cm−1). This was confirmed by the results
of the chemical composition of the lignin content presented in Table 2. This problem is
widely described in the literature dealing with the studies of lignocellulosic biomass by
infrared spectroscopy [20,21]. The process of the degradation or fragmentation of lignin is
complicated due to the presence of strong C–C bonds and other functional groups, such as
aromatic groups [13].

Significant changes on the surface of the biomass were observed and presented in the
SEM images taken before and after the biomass pretreatment as well as after enzymatic
hydrolysis (Figure 2). In the case of both varieties of hemp biomass (Tygra and Rajan),
similar changes were observed in the biomass surface, which appeared as a result of
subsequent processes. However, in the case of the Rajan variety, changes were more
intensive, especially after the enzymatic hydrolysis process. The untreated hemp biomass
was observed to have intact, rigid, and coarse structures with smooth surface and a well-
ordered fiber skeleton (Figure 2a,e). This strongly blocked access to cellulose to limit
enzymatic attack [22]. As a result of pretreatment, the biomass underwent various specific
structural changes. The SEM images of hemp biomass after pretreatment showed that
the surface area of the biomass was partially purified (Figure 2b,f). The morphological
changes that indicated damage to the structure of biomass and that increased the surface
area, making it more accessible to the cellulolytic enzymes [20,23,24], were observed. The
enzymatic hydrolysis of the samples subjected to the previous alkaline treatment caused
further significant changes in the structure of the biomass visible in the SEM pictures
(Figure 2c,d,g,h). The appearance of micropores was very characteristic here.

Undoubtedly, the opening of the hemp biomass and creating the holes all over the
biomass enhanced the enzyme accessibility of the structure and facilitated biomass di-
gestibility [25]. Moreover, it was clearly visible that enzymatic hydrolysis of the Rajan
hemp biomass made the fibrous structure fragile and was more successful.

2.3. Evaluation of Enzyme Preparations

The enzymatic hydrolysis process is the second main step in the process of obtaining
bioethanol from plant biomass. Enzymatic hydrolysis determines the amounts of sim-
ple sugars that are metabolized by yeast in the fermentation process. The breakdown
of cellulose into simple sugars requires the synergistic action of different enzymes: cel-
lulases, endoglucanases, cellobiohydrolases, and ß-glucosidases. First, the commercial
enzyme preparations of various compositions were gained (Flashzyme Plus 200, ACx8000L,
Celluclast 1.5L, Cellobiase, Xylanase), and then their cellulolytic and xylanolytic activities
were determined. Taking into account evaluated activity of the tested enzymes and their
commercial availability, Flashzyme Plus 200 and Celluclast 1.5L preparations were selected
for further research (Table 4).

In order to select the enzyme complex for the SHF and the SSF processes, enzymatic
tests were performed using selected enzymes and their supplementation with glucosidase
and xylanase and were partially described in our previous studies [4]. For the SHF process
in the case of the Tygra biomass, an enzyme complex was selected with the composition
of Flashzyme Plus 200, glucosidase, and xylanase, while composition for the Rajan was
Flashzyme Plus 200:Celluclast 1.5L hemp biomass in the proportion of 70:30. For the SSF
process, the enzyme complex for the Tygra biomass was selected as Flashzyme Plus 200:Cel-
luclast 1.5L (70%:30%) and xylanase and for the Rajan was Flashzyme Plus 200:Celluclast
1.5L hemp biomass in the 50:50 ratio.
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Table 4. The determination of cellulolytic and xylanolytic activities of commercial enzyme prepara-
tions (FPU·mL−1).

Enzyme
Preparations Composition Cellulolytic

Activity
Xylanolytic

Activity

Flashzyme Plus 200
endoglucanase,

cellobiohydrolase, cellobiose,
xylanase, mannase

90 2430

ACx3000L endo-1,4-β-D-glucanase 63 487
Celluclast 1.5L cellulase, xylanase 62 278

Accellerase 1500
exoglucanase,

endoglucanase, cellobiose,
β-glucosidase, hemicellulase

53 616

Alternafuel CMAX cellulase, β-glucosidase,
hemicellulase, arabinose 2.78 110

ACx8000L cellulase 8 190
Cellobiase glucosidase 0.18 325
Xylanase xylanase 0.03 746

2.4. Separate Hydrolysis and Fermentation (SHF)

To determine the optimal conditions of the enzymatic hydrolysis method as a separate
process of SHF, based on the literature data and the research experience, the following
parameter ranges were selected for testing with the response surface methodology (RSM):
dose of the enzyme 10–30 FPU·g−1 of solid, temperature 50–70 ◦C, pH 4.2–5.4, and time
24–72 h. The RSM method is an effective optimization tool consisting of mathematical and
statistical techniques and used for the process of optimization [26–28].

Individual enzymatic tests of the hydrolysis process were performed for Tygra and
Rajan biomasses, and the evaluation criterion was the amount of released glucose. Figure 3
presents various response surfaces and interaction effects of variables (temperature, time,
enzymes’ dose, and pH) on the glucose yield. The variable that had the most significant
impact on the glucose content turned out to be the temperature. The lower the temperature
was, the higher the glucose content was. The pH of the solution, the process time, and
the enzymes’ dose had lesser effects. However, slight differences were observed in the
dependence of these variables on the glucose yield for the two biomass varieties. For the
Tygra biomass, it was found that, in the SHF process, the optimal conditions for enzymatic
hydrolysis were obtained for the substrate concentration of 5% using the following enzymes:
Flashzyme Plus 200 30 FPU·g−1 of solid, glucosidase 20 CBU·g−1 of solid, and xylanase
500 XU·g−1 of solid. The process parameters were: temperature 50 ◦C, pH 4.2, and time 48 h.
These parameters provided the opportunity to obtain a maximum glucose yield, which was
36.9 ± 0.64 (g·L−1). In the SHF process for the Rajan biomass, optimal enzymatic hydrolysis
conditions were obtained for a substrate concentration of 5% using the Flashzyme Plus
200:Celluclast 1.5L (70:30) enzyme complex with a dose of 10 FPU·g−1 of solid. The process
parameters were: temperature 50 ◦C, pH 5.4, and time 72 h. The maximum glucose yield
was 23.66 ± 0.16 (g·L−1).

Similar research was conducted by Abraham [29]; during biomass hydrolysis at 50 ◦C
and 18 FPU·g−1 of solid, the highest glucose yield was obtained. Salimi and others [30]
optimized the enzymatic hydrolysis of lignocellulosic biomass using the RSM method.
They applied the temperature range of 45–60 ◦C and the pH of 4.5—6.0. They obtained
the highest content of monosaccharides at 45 ◦C and pH 6.0. Jambo et al. [31], in turn,
optimized lignocellulosic biomass using similar parameters—temperature (30–60 ◦C),
pH (3.8–5.8), and incubation time (12–72 h)—and obtained the glucose concentration at the
level 24.24 g·L−1.

300



Molecules 2021, 26, 6467 9 of 16

Molecules 2021, 26, 6467  9  of  17 
 

 

of Flashzyme Plus 200, glucosidase, and xylanase, while composition for the Rajan was 

Flashzyme Plus 200:Celluclast 1.5L hemp biomass in the proportion of 70:30. For the SSF 

process,  the  enzyme  complex  for  the  Tygra  biomass was  selected  as  Flashzyme  Plus 

200:Celluclast 1.5L (70%:30%) and xylanase and for the Rajan was Flashzyme Plus 200:Cel‐

luclast 1.5L hemp biomass in the 50:50 ratio. 

2.4. Separate Hydrolysis and Fermentation (SHF) 

To determine the optimal conditions of the enzymatic hydrolysis method as a sepa‐

rate process of SHF, based on the literature data and the research experience, the following 

parameter ranges were selected for testing with the response surface methodology (RSM): 

dose of the enzyme 10–30 FPU∙g−1 of solid, temperature 50–70 °C, pH 4.2–5.4, and time 24–

72 h. The RSM method is an effective optimization tool consisting of mathematical and 

statistical techniques and used for the process of optimization [26–28]. 

Individual enzymatic tests of the hydrolysis process were performed for Tygra and 

Rajan biomasses, and the evaluation criterion was the amount of released glucose. Figure 

3 presents various  response  surfaces  and  interaction  effects of variables  (temperature, 

time, enzymes’ dose, and pH) on the glucose yield. The variable that had the most signif‐

icant impact on the glucose content turned out to be the temperature. The lower the tem‐

perature was, the higher the glucose content was. The pH of the solution, the process time, 

and the enzymes’ dose had lesser effects. However, slight differences were observed in 

the dependence of these variables on the glucose yield for the two biomass varieties. For 

the Tygra biomass, it was found that, in the SHF process, the optimal conditions for enzy‐

matic hydrolysis were obtained for the substrate concentration of 5% using the following 

enzymes: Flashzyme Plus 200 30 FPU∙g−1 of solid, glucosidase 20 CBU∙g−1 of solid, and 

xylanase 500 XU∙g−1 of solid. The process parameters were: temperature 50 °C, pH 4.2, and 

time 48 h. These parameters provided the opportunity to obtain a maximum glucose yield, 

which was 36.9 ± 0.64 (g∙L−1). In the SHF process for the Rajan biomass, optimal enzymatic 

hydrolysis  conditions  were  obtained  for  a  substrate  concentration  of  5%  using  the 

Flashzyme Plus 200:Celluclast 1.5L (70:30) enzyme complex with a dose of 10 FPU∙g−1 of 

solid. The process parameters were: temperature 50 °C, pH 5.4, and time 72 h. The maxi‐

mum glucose yield was 23.66 ± 0.16 (g∙L−1). 

 
 

 
(a) 

Molecules 2021, 26, 6467  10  of  17 
 

 

 
(b) 

Figure 3. Enzymatic hydrolysis process of hemp biomass (RSM). Response surface representing 

the interaction effects of temperature, time, dose, and pH on glucose yield: (a) Tygra biomass, (b) 

Rajan biomass. 

Similar research was conducted by Abraham [29]; during biomass hydrolysis at 50 

°C and 18 FPU∙g−1 of solid, the highest glucose yield was obtained. Salimi and others [30] 

optimized  the enzymatic hydrolysis of  lignocellulosic biomass using  the RSM method. 

They applied the temperature range of 45–60 °C and the pH of 4.5—6.0. They obtained the 

highest content of monosaccharides at 45 °C and pH 6.0. Jambo et al. [31], in turn, opti‐

mized  lignocellulosic  biomass  using  similar  parameters—temperature  (30–60  °C),  pH 

(3.8–5.8), and incubation time (12–72 h)—and obtained the glucose concentration at the 

level 24.24 g∙L−1. 

The next step in the conversion of hemp biomass to bioethanol in the SHF process 

was ethanol fermentation. In the SHF process for the Tygra biomass, the highest concen‐

tration of ethanol was observed at 48 hours and was 10.51 g∙L−1. In the following hours of 

the process, no significant increase in ethanol concentration was observed. In turn, for the 

Rajan biomass, the highest ethanol concentration was noticed at 96 h, and it was only 2.76 

g∙L−1. Such a low concentration of ethanol in this case could be attributed to various rea‐

sons, which together may have had a significant negative impact on this parameter—for 

example, the chemical composition, which was characterized by a higher lignin content 

compared to the Tygra biomass. The reason could also have been the use of a low enzyme 

dose (10 FPU g−1 solid) in Rajan biomass as well as the low glucose concentration (23.66 g 

L−1), which was determined immediately after the enzymatic hydrolysis step. Addition‐

ally, after optimizing this step, a pH of 5.4 was chosen based on the glucose concentration, 

which may have, to some extent, inhibited yeast activity in the initial phase of fermenta‐

tion. Nevertheless, it was noticed that, with each passing day, the concentration of ethanol 

increased slightly, which ultimately indicates that the process itself was proceeding cor‐

rectly. However, for Tygra biomass, no significant increase in ethanol concentration was 

observed with time extension of the SHF process (Figure 4). The average yield of bioetha‐

nol for the Tygra variety was equal to 253 L∙Mg−1 (of hemp straw dry matter), i.e., 3.04 

m3∙ha−1. For  the Rajan variety,  the average yield of bioethanol was 69 L∙Mg−1  (of hemp 

straw dry matter), i.e., 0.80 m3∙ha−1. A similar study was presented by Kusmiyati et al. [32]. 

In their work, the conversion of the lignocelullosic biomass to bioethanol was carried out 

Figure 3. Enzymatic hydrolysis process of hemp biomass (RSM). Response surface representing
the interaction effects of temperature, time, dose, and pH on glucose yield: (a) Tygra biomass,
(b) Rajan biomass.

The next step in the conversion of hemp biomass to bioethanol in the SHF process was
ethanol fermentation. In the SHF process for the Tygra biomass, the highest concentration
of ethanol was observed at 48 hours and was 10.51 g·L−1. In the following hours of the
process, no significant increase in ethanol concentration was observed. In turn, for the Rajan
biomass, the highest ethanol concentration was noticed at 96 h, and it was only 2.76 g·L−1.
Such a low concentration of ethanol in this case could be attributed to various reasons,
which together may have had a significant negative impact on this parameter—for example,
the chemical composition, which was characterized by a higher lignin content compared
to the Tygra biomass. The reason could also have been the use of a low enzyme dose
(10 FPU g−1 solid) in Rajan biomass as well as the low glucose concentration (23.66 g L−1),
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which was determined immediately after the enzymatic hydrolysis step. Additionally,
after optimizing this step, a pH of 5.4 was chosen based on the glucose concentration,
which may have, to some extent, inhibited yeast activity in the initial phase of fermentation.
Nevertheless, it was noticed that, with each passing day, the concentration of ethanol
increased slightly, which ultimately indicates that the process itself was proceeding correctly.
However, for Tygra biomass, no significant increase in ethanol concentration was observed
with time extension of the SHF process (Figure 4). The average yield of bioethanol for
the Tygra variety was equal to 253 L·Mg−1 (of hemp straw dry matter), i.e., 3.04 m3·ha−1.
For the Rajan variety, the average yield of bioethanol was 69 L·Mg−1 (of hemp straw dry
matter), i.e., 0.80 m3·ha−1. A similar study was presented by Kusmiyati et al. [32]. In their
work, the conversion of the lignocelullosic biomass to bioethanol was carried out through
pretreatment, saccharification, and fermentation processes. Their results showed that the
SHF process gave a higher concentration of ethanol (8.11 g·L−1). Fischer and others [33], in
their research, dealt with lignocellulosic biomass and examined the SHF process, obtaining
the ethanol concentration of 12.1 g·L−1.
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conditions: Tygra biomass—substrate concentration 5%, enzymes: Flashzyme Plus 200 30 FPU·g−1

of solid, glucosidase 20 CBU·g-1 of solid and xylanase 500 XU·g−1 of solid, temperature 50 ◦C,
pH 4.2, and time 48 h. Rajan biomass—substrate concentration 5%, Flashzyme Plus 200:Celluclast
1.5L (70:30) enzyme complex with a dose of 10 FPU·g−1 of solid, temperature 50 ◦C, pH 5.4, and
time 72 h.

SHF as an alternative process in an industrial bioethanol plant manifests both potential
and limitations. The main advantage of SHF is the possibility to optimize the process steps
separately, especially to be able to run the enzymatic hydrolysis at an optimal temper-
ature with respect to enzymes [34]. However, most literature reports confirm that SSF
is a more promising and advantageous approach with respect to SHF because of a low
production cost, less processing time, less reactor volume, higher ethanol productivity, a
lower requirement of enzyme, the ability to overcome enzymatic inhibition by simultane-
ous end-product removal, and a lower requirement for sterile conditions, as bioethanol is
produced immediately with glucose conversion [35,36].

2.5. Simultaneous Saccharification and Fermentation (SSF)

The simultaneous hydrolysis and fermentation must be carried out under conditions
that ensure the optimal synergy of enzymes and distillery yeast. To optimize the SSF
process according to the RSM, the following ranges of process parameters were selected:
substrate content 5%–7% w/v, the dose of Flashzyme:Celluclast 1.5L enzymes (50:50)
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10–30 FPU·g−1 of solid using S. cerevisiae yeast at 37 ◦C, pH 4.8, and 96 h. Then, the
fermentation tests were carried out using the selected parameters, and the amount of
ethanol (HPLC) was determined. The optimal conditions of the SSF process for the Tygra
and the Rajan hemp biomasses were selected. The highest ethanol concentration for
Tygra biomass was observed at a substrate content of 5% w/v and a dose of enzyme at
30 FPU·g−1 of solid, and it was 6.5 g·L−1. In turn, for the Rajan biomass, the highest ethanol
concentration equal to 7.5 g·L−1 was recorded for the substrate of 5% and for the enzyme
30 FPU·g−1 of solid. Higher substrate content above 5% w/v interfered with the effective
mixing of the fermentation solution, which resulted in poorer access to biomass and thus
less effective action of enzymes and yeast. It was also observed that enlarging the enzyme
dose enhanced the conversion of cellulose to glucose and thus increased the concentration
of ethanol. The enzyme dose of 10 FPU·g−1 of solid tested in the optimization process
turned out to be too low to carry out efficient enzymatic hydrolysis.

For the Tygra biomass, there were no changes in the concentration of ethanol with the
time lapse of the process. In turn, for the Rajan biomass, after 24 h, there was observed a
decrease in ethanol concentration, and after 48 h of the SSF process, there was noticed a
significant increase in ethanol concentration (Figure 5). It was observed that, for the Rajan
biomass, in contrast to the Tygra biomass, a higher ethanol concentration was obtained in
the SSF process than in the SHF process (Figures 4 and 5).
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Figure 5. Ethanol concentration of hemp biomass in the SSF process. Optimized process conditions:
Tygra and Rajan biomass-substrate concentration 5%, enzymes: Flashzyme:Celluclast 1.5L (50:50)
30 FPU·g−1 of solid, temperature 37 ◦C, pH 4.8, and time 96 h.

In their research, Fojas and Rosario [37] optimized the enzymatic saccharification of
lignocellulosic biomass, and the SSF process was carried out with the following parameters:
3%–6% the amount of substrate, 20–25 FPU·g−1 of solid dose of enzyme, and temperature
of 37 ◦C for 120 h. They achieved an ethanol content of about 9 g·L−1.

Research on obtaining bioethanol from hemp biomass was also carried out by Orlygs-
son [38]; after the SSF process, the author obtained an ethanol concentration of approxi-
mately 1 g·L−1.

On the basis of the average ethanol content, the hemp straw yield that could be
obtained from 1 ha of hemp cultivation was specified. The highest average yield of
bioethanol was estimated for the Rajan variety and was equal to 190 L·Mg−1 (of hemp
straw dry matter), i.e., 2.23 m3·ha−1, while the average yield of bioethanol estimated for
the Tygra variety was 165 L·Mg−1 (of hemp straw dry matter), i.e., 1.81 m3·ha−1.

Extensive research on industrial hemp as potential raw material for bioethanol pro-
duction compared to other raw materials such as kenaf and sorghum was conducted by
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Das et al. [39]. According to these studies, the ethanol yield from hemp was 250 L·Mg−1,
which turned out to be much higher than that of kenaf. Moreover, the cost analysis allowed
the researchers to conclude that industrial hemp can generate higher gross profits per
hectare than other crops. In conclusion, this scientific report emphasized that hemp has the
potential to be a promising crop for the production of bioethanol.

3. Materials and Methods
3.1. Bioethanol Production Process
3.1.1. Hemp Biomass Preparation

The raw materials used in the study were Białobrzeskie, Tygra, Henola, and Rajan
hemp (Cannabis sativa L.) biomasses from the Experimental Farm of the Institute of Natural
Fibres and Medicinal Plants in Pętkowo. This material was subjected to preliminary
crushing to the particles of size 20–40 mm and then dried in 50–55 ◦C for 24 h. Next, the
material was disintegrated on a knife mill (Retsch SM-200, Germany) with the sieves of the
mesh size of 2–4 mm. An enzymatic test for the crushed fractions was performed using the
Celluclast 1.5L enzyme preparation, and the content of reducing sugars was determined by
the Miller’s method with 3,5-dinitrosalicylic acid (DNS) [40].

3.1.2. Alkaline Pretreatment

The evaluation of pretreatment conditions for hemp biomass was carried out at 5 h
treatment with 1.5%–3% sodium hydroxide in 90 ◦C. NaOH:biomass weight ratio was
10:1. After the alkaline pretreatment was carried out, the biomass solution was filtered
on a Büchner funnel, then washed with distilled water until neutralized and dried in a
laboratory dryer at 50 ◦C for 24 h. The alkali effect on the biomass was evaluated in the
enzymatic test, and content of the released reducing sugars was determined by the Miller’s
method. This test was performed with the use of Celluclast 1.5L (Novozymes, Bagsværd,
Denmark) enzymatic preparation at the dose of 10 FPU·g−1 of solid. The raw material was
incubated at 55 ◦C in 0.05 M citrate buffer of pH 4.8 for 24 h. Then, after the enzymatic test,
the supernatant was diluted, a DNS reagent was added, and the mixture was incubated
in a boiling water bath for 10 min. After cooling to room temperature, the absorbance
of the supernatant was measured at 530 nm on UV–VIS Spectrophotometer V-630 (Jasco,
Pfungstadt, Germany).

3.1.3. Enzyme Complex

The enzymes cellulolytic activity was determined according to NREL LAP Mea-
surement of Cellulase Activities. In turn, enzymes xylanolytic activity was determined
according to the Osaka University procedure (with changes) [41].

In order to select the enzyme complex for SHF and SSF processes, tests were performed
using selected enzymes (Flashzyme Plus 200:Celluclast 1.5L) and their supplementation
with glucosidase 20 CBU·g−1 of solid and xylanase 500 XU·g−1 of solid (Sigma-Aldrich,
Darmstadt, Germany ). Enzymatic tests were carried out for 5% of biomass with the
enzyme in the amount of 10 FPU·g−1 of solid, at a pH of 4.8, and during 24 h at 55 ◦C for
the SHF process and at 38 ◦C for the SSF process. The selection criterion was the content of
reducing sugars determined by the Miller’s method.

3.1.4. Separate Hydrolysis and Fermentation (SHF)

The optimization of the enzymatic hydrolysis of hemp biomass in the SHF process was
carried out according to the response surface methodology (RSM) using the parameters:
biomass content 5%–7% w/v, temperature 50–70 ◦C, time 24–72 h, pH 4.2–5.4, dose of
enzyme 10–30 FPU·g−1 of solid. Then, tests of the hemp biomass hydrolysis process were
performed, and the evaluation criterion was the amount of released glucose.

In the next stage, the obtained hydrolyzate was subjected to the ethanol fermentation
process carried out in bioreactor Biostat B Plus (Sartorius, Göttingen, Germany) in 2 L vessel
equipped with pH, temperature, stirring, and foaming controls. The temperature was
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maintained at 37 ◦C and stirring at 900 rpm, while pH was controlled at 4.2 for Tygra and
5.4 for Rajan by adding 1 M NaOH or 1 M HCl. Non-hydrated freeze-dried distillery yeast
S. cerevisiae (Ethanol Red, Lesaffre, France) at a dose of 1 g·L−1 was used in the pro-
cess, which corresponded to cell concentration after inoculation of about 1 × 107 cfu/mL.
Inoculum grew for 24 h at 30 ◦C. After inoculation, a 96 h fermentation was carried out,
and samples were taken every 24 h. All experiments were performed in triplicate.

3.1.5. Simultaneous Saccharification and Fermentation (SSF)

To optimize the SSF process according to the RSM, the ranges of process parameters
were selected: substrate content 5%–7% w/v, dose of (Flashzyme:Celluclast 1.5L) enzymes
10–30 FPU·g−1 of solid. The SSF process was carried out in bioreactor Biostat B Plus
(Sartorius, Göttingen, Germany) in 2 L vessel equipped with pH, temperature, stirring, and
foaming controls. The temperature was maintained at 37 ◦C and stirring at 900 rpm, while
pH was controlled at 4.8 by adding 1 M NaOH or 1 M HCl. In the fermentation process,
non-hydrated freeze-dried distillery yeast S. cerevisiae (Ethanol Red, Lesaffre, France) at a
dose of 1 g·L−1 was used, which corresponded to cell concentration after inoculation of
about 1 × 107 cfu/mL. The duration of ethanol fermentation was 96 h. All experiments
were performed in triplicate.

3.2. Analytical Methods

The chemical composition of hemp biomass before and after pretreatment was deter-
mined, i.e., cellulose according to TAPPI T17 m-55 [42], hemicelluloses as the difference
of holocellulose and cellulose according to TAPPI T9 m-54 [43], and lignin according to
TAPPI T13 m-54 [44].

In order to provide a more complete picture of the molecular structure of hemp
biomass before and after the chemical pretreatment, the analysis of FTIR spectroscopy was
performed using a Fourier Transform Infrared Spectrometer ISS 66v/S (Bruker, Bremen,
Germany) at infrared wavenumbers of 400–4000 cm−1 [13].

The physical morphologies of hemp biomass before and after the chemical treatment
and after enzymatic hydrolysis were performed using Scanning Electron Microscope
S-3400N (Hitachi, Japan) in high vacuum conditions. The samples were covered with
gold dust.

The contents of glucose and ethanol were determined by high performance liquid
chromatography on Elite LaChrom (Hitachi, Tokio, Japan) using an RI L-2490 detector,
Rezex ROA 300x7.80 mm column (Phenomenex, Torrance, CA, USA), as the mobile phase
used 0.005 N H2SO4 at a flow rate of 0.6 mL/min at 40 ◦C.

3.3. Calculations

The ethanol yield from 100 g of raw material Ys (g/100 g of raw material) was
calculated according to the Equation (1) [45]:

Ys =
Et × 100

M
(1)

where: Et—amount of ethanol in 1000 mL of tested sample (g); M—mass of material
weighed in 1000 mL fermentation sample (g).

Then, based on the ethanol yield from 100 g of raw material, the amount of ethanol in
L per ton of straw dry matter (L·Mg−1) was calculated, and on the basis of straw yield, the
ethanol yield per hectare (m3·ha−1) was determined.

3.4. Statistical Analysis

The experiments of ethanol fermentation were carried out in triplicates. Standard
deviations were calculated using the analysis of variance ANOVA, Statistica 13.0 software
(p < 0.05).
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4. Conclusions

To sum up, the Tygra and the Rajan varieties of hemp were selected, which proved to
be proper sources of second generation bioethanol as alternatives to petroleum-oil based
fossil fuels. Pretreatment, enzymatic hydrolysis, and ethanol fermentation were optimized.
Alkaline pretreatment caused an increase in cellulose content and partial degradation of
hemicelluloses. Enzymatic hydrolysis allowed us to achieve glucose yield at the level
up to 36.9 g·L−1. For the Tygra biomass in the SHF process, the ethanol concentration
was 10.5 g·L−1 (3.04 m3·ha−1), and for the Rajan biomass in the SSF process, the ethanol
concentration was 7.5 g·L−1 (2.23 m3·ha−1).

In the future, it will be important to conduct research on the mixtures of different
varieties of hemp biomass in order to determine their potential for the production of ligno-
cellulosic ethanol, which seems important in practical application, because the industrial
production of biofuels occurs most often in large refineries which process the biomass of
different varieties and species of plants.
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Abstract: Cellulose derivatives have many potential applications in the field of biomaterials and
composites, in addition to several ways of modification leading to them. Silanization in aqueous
media is one of the most promising routes to create multipurpose and organic–inorganic hybrid
materials. Silanization has been widely used for cellulosic and nano-structured celluloses, but was a
problem so far if to be applied to the common cellulose derivative “dialdehyde cellulose” (DAC),
i.e., highly periodate-oxidized celluloses. In this work, a straightforward silanization protocol for
dialdehyde cellulose is proposed, which can be readily modified with (3-aminopropyl)triethoxysilane.
After thermal treatment and freeze-drying, the resulting product showed condensation and
cross-linking, which was studied with infrared spectroscopy and 13C and 29Si solid-state nuclear
magnetic resonance (NMR) spectroscopy. The cross-linking involves both links of the hydroxyl
group of the oxidized cellulose with the silanol groups (Si-O-C) and imine-type bonds between the
amino group and keto functions of the DAC (-HC=N-). The modification was achieved in aqueous
medium under mild reaction conditions. Different treatments cause different levels of hydrolysis of
the organosilane compound, which resulted in diverse condensed silica networks in the modified
dialdehyde cellulose structure.

Keywords: biomaterials; cellulose; dialdehyde cellulose; organosilane chemistry; 29Si NMR; solid
state NMR; silanization

1. Introduction

The booming developments in the biopolymers field is evidently engaging cellulose and cellulose
derivatives in crescent number of applications and new materials, such as fillers or matrices in polymer
composites, aerogels, and separation media. Cellulosic components are simply central in the evolution
of novel bio-materials [1]. One particular modification that is especially promising in the area of
organic–inorganic hybrid materials is the silanization of cellulose—or polysaccharides in general—by
this way generating polysaccharide–silane/silica interfaces with differing amounts of covalent bonds
between the two bordering constituents. Silanization is widespread for enhancing the properties
of cellulose composites: the coupling with silane agents involve an improved interfacial adhesion
between fibers and matrix, better resistance to water leaching, hydrophobicity, thermostabilization,
and improved fiber strength [2–4]. Quite many applications of novel cellulosic materials modified by
silanes can be found in literature: hybrid substances formed by silica gel and dicarboxylic cellulose for
dye absorption [5], films made with cellulose acetate and silane with isocyanate moieties [6]; aerogels
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with cross-linked cellulose, acrylamide polymers, and methyltrichlorosilane for oil/water separation [7];
or composite aerogels with silica and cellulosic fibers for thermal insulation [8] are just a few examples.
The chemistry between cellulose derivatives and modified silica gels is used also in the field of chiral
separation, producing packing materials for liquid chromatography [9]. Modifications of cellulosic
materials are performed in wet state with different silanes [10,11].

A special cellulose derivative with great reverberation in research and applications is dialdehyde
cellulose (DAC), usually produced by oxidation of cellulosics (to different degrees) with sodium
periodate. Several applications of this type of oxidized cellulose are reported in the literature, such as
films for packaging [12], as nanoparticles for drug delivery systems [13], the formation of nanocrystal
aerogels with superabsorbent properties [14], or as self-healing nanocomposite hydrogels [15]. In this
work, we describe the direct modification of DAC according to a straightforward silanization
protocol, carried out in aqueous media and without severe thermal treatment. The chosen silane
is (3-aminopropyl)triethoxysilane (APTES). This reagent is cheap and readily available, which is an
important factor when it comes to up-scaling. APTES has been studied already in systems with
cellulosic fibers [16]. Its utilization has already been reported for strengthening the interfaces of hybrid
organic-inorganic coatings [17], in grafting reaction with tosylcellulose [18], for surface functionalization
of cellulose nanocrystals [19], and also with DAC as the stationary phase in chromatography [20].
In the latter case, silica gel was modified by APTES in toluene, and then utilized for the modification of
DAC in pyridine at high temperature during several hours which is considered neither practical and
general nor compatible with green chemistry principles. In our approach, the silanization of DAC
involves hydrolysis of APTES and self-condensation as well as condensation with the hydroxyl groups
of the cellulose derivative, most notably using aqueous media and employing mild reaction conditions
and short reaction times. The studies leading to the DAC modification protocol are described in the
present account.

2. Results and Discussion

Periodate oxidation of cellulose, if reaching sufficiently high oxidation degrees of about 60%
and above, provides a water-soluble material [21]. During the oxidation and solubilization process
a great variety of masked aldehyde structures is formed, mainly aldehyde hydrates, hemiacetals,
and hemialdals with intra- and intermolecular bonds [12,22,23]. The determination of the molecular
weight of DAC, because of inter-chain crosslinking, is rather complicated and requires special
approaches and precautions which have been addressed previously [23] and cannot be discussed here.
The degree of oxidation was 59% for the thermally treated DAC and 62% for the freeze-dried DAC in
our experiments, which corresponds to 7.4 mmol/g and 7.8 mmol/g of aldehyde groups, respectively.
The acidic pH during the periodate oxidation promotes the formation and stability of hemiacetal
structures [24], which are detected in the Fourier-transform infrared (FTIR) spectrum of the oxidized
cellulose [25] (band at 876 cm−1 in Figure 1). Also, the influence of periodate oxidation on cellulose
structure and morphology, according to the cellulose allomorphs, has been studied [26]. Since the
acidic environment at the same time catalyzes hydrolysis of APTES [27], the organosilane was directly
added to the DAC solution without a previous hydrolysis step, which is usually performed when this
silane is used with cellulose. It has been reported that cellulose and other cellulose derivatives bind
covalently with silanes after thermal treatment [3,18,28,29], although it was by no means clear that the
behavior would be similar between DAC and APTES, since the chemistry of DAC—and its reactive
moieties—is rather different from that of celluloses. Nevertheless, hydroxyl groups present in DAC in
high number because of the solubilization process can be expected to be available for cross-linking and
condensation with the silanol groups. A similar reactivity of DAC hydroxyl groups and the hydroxyl
groups of polysaccharides with regard to hydrogen bond network formation has already been noted in
the literature, e.g., for polyvinyl alcohol [30]. So far, modification of DAC with APTES took only imine
formation [20] into account, but not a possible reaction between the hydrolyzed organosilane and
DAC (hemiacetal/aldehyde hydrate/hemialdal) hydroxyl groups. While solubilized DAC is a film-like
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materials after thermal drying and foam-like after lyophilization (freeze-drying), the morphology
changes upon derivatization and silanized DAC is a powder.
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Figure 1. Fourier-transform infrared (FTIR) spectra of dialdehyde cellulose (DAC) (left) and
(3-aminopropyl)triethoxysilane (APTES) (right). The labelled bands, from left to right, correspond to:
carbonyl stretching (1732 cm−1), C-O stretching (1016 cm−1), and hemiacetal bond stretching (876 cm−1)
in the DAC spectrum; C-H methyl group asymmetrical stretching (2972 cm−1), C-H methyl group
deformation (1390 cm−1), Si-O stretching (1072 cm−1), skeletal vibration (952 cm−1), and C-H bending
(762 cm−1) in the APTES spectrum.

Covalent bonding between cellulose and organosilane can be studied with 29Si NMR: if the
spectra do not change anymore over time after an initial period, further self-condensation of the silane
structures is blocked by the covalent bonding with the cellulose molecules [28]. In this work we apply
this approach to the reaction between APTES and DAC to study presence and type of covalent binding
between the cellulose and the silane networks.

Figure 2 shows the cross-polarization/magic angle spinning (CP/MAS) 29Si NMR spectra of
the DAC-APTES condensation product after thermal treatment, revealing peaks of the two main
condensation structures of the silane, namely T2 and T3 [6], with chemical shifts δ at −60.1 ppm and
−68.5 ppm, respectively, in the one-day-old sample and δ −60.3 ppm and −68.4 ppm, respectively,
for the same sample after two years. A minor contribution of the T1 structure is visible at −50 ppm
as a shoulder in both spectra. It was evident that the spectra did not change significantly within the
two years of sample storage. Therefore, the silane structure formation is completed already in the
first sample and stays constant afterwards, and the silane moieties are almost completely crosslinked
in a tridimensional structure after the thermal treatment, involving the covalent bond with DAC.
The 29Si-CP/MAS NMR spectra did not change over time, because of the bonding between the silanol
group and the hydroxyl group in DAC: if those bond had not occurred, hydrolyzed APTES would
have continued to be engaged in self-condensation and have formed more highly condensed structure
over time, which would have significantly changed the spectra (increase of T3).

Given in Scheme 1, the condensation reaction of silanes and DAC occurred between the DAC′s
different hydroxyl groups and the silanol groups during the thermal treatment, which withdraws the
water, this way shifting the equilibrium.
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Scheme 1. Proposed reaction for the direct silanization of DAC with APTES, with the structures
schematically presenting the binary cross-linking of DAC and APTES both by Si-O-C and imine bonds.
In mildly acidic medium, the silanol groups of APTES bind covalently onto DAC′s hydroxyl groups.
After thermal treatment or simple freeze-drying treatment this bonding type is complemented by imine
formation between the amino groups of APTES and the DAC′s (masked) aldehyde functions.
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Please, note once more that the structures in Scheme 1 are just examples of possible structures for
the masked aldehyde groups [23].
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Figure 2. 29Si cross-polarization/magic angle spinning (CP/MAS) nuclear magnetic resonance (NMR)
spectra of DAC-APTES reaction product after thermal treatment: the spectrum after 1 day (bottom),
and spectrum of the same sample after 2 years (top), with the schematic representations of the structures
T1, T2, and T3. R=H, C (from DAC); R′=C (from (CH2)3-NH2 side chain in APTES).

In addition to the formation of Si-O-C structures by hydroxyl group condensation, a Schiff-base
reaction of (masked) aldehydes with the amino group of APTES can occur. The aldehyde function
can be present either in its free form or in its masked forms, which react the same way because of
the underlying dynamic equilibria. We started from the hypothesis that the thermal treatment was
mainly supporting the condensation of APTES′ amino group with the DAC structures (besides further
promoting condensation among the hydrolyzed silanes). The corresponding nucleophilic substitution
reactions in the mild media present would initially produce hemiaminal structures, which would
need more drastic media for the subsequent water elimination leading to the double bond structure of
imines. We thus suspected elevated temperatures to be a suitable means for that, and indeed, imine
bond formation was evident under these conditions. Surprisingly, the same happened also when we
used the alternative approach of freeze-drying to remove water from the reaction mixture. Also, this
much milder approach was obviously sufficient to move the equilibrium toward condensation product
formation. Both thermal treatment and freeze-drying were effective enough in removing the reaction
water, the second technique being clearly more energy-efficient and much milder. The final product
(Scheme 1, bottom), involves both imine moieties as well as the Si-O-C structures among silanes
and DAC.

The 29Si-CP/MAS NMR of the freeze-dried DAC-APTES in Figure 3 shows the cross-linked
structures of the silane networks, but with different proportions with respect to Figure 2. While in
Figure 2 (thermally treated sample), T3 was most prominent and T1 present only in small amounts,
Figure 3 (freeze-dried sample) shows a more equal contribution of the three condensed structures
with an order of T2 > T1 > T3, meaning that the condensation degree (Si-O-Si) was generally smaller
here. In Figure 2, signals of the different silane structures were detected at δ = −49.8, −59.5, −68.6 ppm

313



Molecules 2020, 25, 2458

in the sample after one day, and at δ = −50.1, −59.5, −67.8 ppm in the sample after two months′
storage. The integral ratios of the three peaks did not change over time, showing the stability of the
cross-linking even without thermal treatment. This result is different from cellulose reacting with
silanization agents [16,28], where the condensation is slowly progressing and changing over much
longer times.

Molecules 2020, 25, x 6 of 12 

 

The integral ratios of the three peaks did not change over time, showing the stability of the cross-
linking even without thermal treatment. This result is different from cellulose reacting with 
silanization agents [16,28], where the condensation is slowly progressing and changing over much 
longer times. 

 
Figure 3. 29Si CP/MAS NMR spectra of the DAC-APTES freeze-dried sample, after one day (lower 
spectrum) and after two months (upper spectrum), with the labels of the different condensed silica 
structures. The peak at –46.9 ppm in the one-day sample (lower spectrum) is attributable to residual, 
non-reacted starting material that was not removed by washing. The peak of the pure APTES (in the 
absence of the DAC matrix) appears at δ –45 ppm. 

The presence of non-reacted APTES, which was concluded from 29Si NMR (see caption of Figure 
3), can also be seen in the FTIR spectra of the samples (Figure 4). In the freeze-dried sample after one 
day, three typical bands of neat APTES are visible at 2974 cm−1 (methyl group, asymmetrical 
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Figure 3. 29Si CP/MAS NMR spectra of the DAC-APTES freeze-dried sample, after one day (lower
spectrum) and after two months (upper spectrum), with the labels of the different condensed silica
structures. The peak at –46.9 ppm in the one-day sample (lower spectrum) is attributable to residual,
non-reacted starting material that was not removed by washing. The peak of the pure APTES (in the
absence of the DAC matrix) appears at δ –45 ppm.

The presence of non-reacted APTES, which was concluded from 29Si NMR (see caption of
Figure 3), can also be seen in the FTIR spectra of the samples (Figure 4). In the freeze-dried sample
after one day, three typical bands of neat APTES are visible at 2974 cm−1 (methyl group, asymmetrical
stretching), at 1388 cm−1 (methyl group, deformation), and at 952 cm−1 (skeletal vibration), identical
with those of pure APTES in Figure 1 [31]. It is known that APTES is moisture-sensitive and
degrades nearly completely within 28 days [32]; this explains why the peak intensities decreased and
eventually disappeared.
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Figure 4. FTIR spectra of modified DAC with APTES for both processes, i.e., thermal treatment and
freeze-drying treatment. The insets are showing the bands of unreacted APTES, which disappear in the
freeze-dried samples after two months because of the instability of neat APTES.

The DAC-APTES structures show the same bands in the FTIR spectra both for thermal and
freeze-drying after-treatment. The bands of the O-Si-O network are at 1644 and 1042 cm−1: the latter is
rather close to one of the C-O bands of DAC at 1016 cm−1, so both partly superimpose. In the thermally
treated samples a double peak was detected, with the second peak at 1070 cm−1, ascribable to siloxane
(Si-O-Si) bonds [33]. The strong intensity of this peak can be explained with the higher condensation
degree of the silica network, which corresponds well with the results of the 29Si NMR. The band at
898 cm−1 in the freeze-dried samples is in the range of the free silanol group stretching vibration and
partly overlapped with the hemiacetal band in DAC. It shifted to 914 cm−1 in case of the thermal
treated sample, with the hemiacetal contribution being reduced after thermal treatment. The bands at
762 and 684 cm−1 correspond to the C-H deformation in the aliphatic chain and Si-C vibration [34],
whereas the band at 1590 cm−1 is attributed to the imine bond C=N vibration [35].

In the 13C-CP/MAS NMR spectra of the freeze-dried samples, shown in Figure 5A, the trace of
non-reacted APTES is clearly visible, the sharp signals at δ = 58.4 ppm and 18.5 ppm (Ca and Cb in the
APTES structure of Scheme 1) being identical to those of pure APTES, shown in Figure 5B. Since there
were no changes in the condensed structures over time as seen by29Si NMR, the decrease of these signals
is caused by slow decomposition by atmospheric humidity. The peaks of the aliphatic chain in these
APTES hydrolysates/condensates are slightly shifted relative to pure APTES. The hydrolysis—and
the corresponding shift of the resonances—started already after about one hour of the reaction [16],
and arrived at the ultimate shift values of δ 10.6–10.3 ppm (Cα) and at δ 21.5–21.2 (Cβ) ppm after
one day (not changes up to two months). The Cγ peak is broadened and resulted in a shoulder at
around 42 ppm. The peaks at around 15.2 ppm in the freeze-dried sample after one day and 14.9 ppm
in the freeze-dried sample after two months storage arise from the APTES side chains in condensed
oligomers. The 13C resonances for the DAC carbons, except C2/C3, are still present in the spectra, with
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chemical shifts almost identical to non-modified DAC, shown in Figure 5C. Only the small peak of
free (non-masked) aldehyde carbons C2/C3 (δ = 201.2 ppm) was not detected any longer, whereas a
new signal at δ 170 ppm, characteristic for imine carbons, appeared [35]. The peak corresponding to
the carbon in the C-O-Si bridge is located in the region between 60 and 50 ppm, but the overlap of
resonances made an unambiguous assignment impossible.
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in the spectrum of the thermally treated sample (Figure 6). The resonances from residual non-reacted 
APTES are absent, because it is fully condensed into the silanes network and with DAC. Furthermore, 
there is a decrease of the C1 and C4 intensities from DAC demonstrating a more pronounced 
condensation, and a significant increase in imine-type structures which point to the same conclusion. 
For both treatment options, thermally induced and freeze-drying, the NMR analyses confirmed the 
direct silanization of DAC with presence of both DAC-silanol Si-O-C interlinks and imine bonds. 
Differences in the degree of condensation arise from the different processes of drying, with the 
severity being higher in the case of the thermal option. 

Figure 5. (A) 13C CP/MAS NMR spectra of DAC-APTES freeze-dried after one day and after two
months, the numbering referring to the structures indicated in Scheme 1: C1–6 from the DAC, a-b
and α-β-γ from APTES structures. For the spectrum after two months, δ: 170.4, 98.3, 89.0, 74.1, 71.3,
64.9, 58.4, 51.6, 21.2, 18.4, 14.9, 10.3; for the spectrum after one day, δ: 170.1, 98.3, 88.8, 74.8, 71.2, 64.7,
58.4, 53.2, 21.5, 18.4, 15.3, 10.6. (B) 13C NMR of APTES in CDCl3, δ: 58.1, 44.9, 27.0, 18.1, 7.8 ppm; the
stars are indicating chloroform and ethanol solvent impurities. (C) 13C CP/MAS NMR spectrum of
non-modified DAC, freeze-dried after solubilization, δ: 201.2, 99.1, 95.3, 91.0, 89.2, 71.1, 60.0 ppm.

The same characteristic signals and chemical shifts as for the freeze-dried samples can be seen in the
spectrum of the thermally treated sample (Figure 6). The resonances from residual non-reacted APTES
are absent, because it is fully condensed into the silanes network and with DAC. Furthermore, there is a
decrease of the C1 and C4 intensities from DAC demonstrating a more pronounced condensation, and a
significant increase in imine-type structures which point to the same conclusion. For both treatment
options, thermally induced and freeze-drying, the NMR analyses confirmed the direct silanization of
DAC with presence of both DAC-silanol Si-O-C interlinks and imine bonds. Differences in the degree
of condensation arise from the different processes of drying, with the severity being higher in the case
of the thermal option.
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3. Materials and Methods

Microcrystalline cellulose (Avicel PH101), sodium metaperiodate (ACS reagent, ≥ 99.8%), acetic
acid (glacial, ≥ 99%), and (3-aminopropyl)triethoxysilane (APTES, 99%) were purchased from
Sigma-Aldrich (Schnelldorf, Germany).

3.1. Cellulose Oxidation and Solubilization

Microcrystalline cellulose was suspended in an aqueous solution (deionized water) of sodium
metaperiodate with a 1.25 molar ratio between the oxidant and cellulose (anhydroglucose unit).
The suspension was stirred for 24 h in the dark at 35 ◦C. The product was separated by centrifugation
(5000 rpm for 20 min, Hettich Rotina 380, Westphalia, Germany) and washed. The never-dried DAC
was suspended in water (5% of solid content) and heated to 100 ◦C for 90 min for solubilization [36].
The pH was adjusted to 3.5 with acetic acid. Determination of the aldehyde content was performed
with the oxime titration method, as reported in the literature [37].

3.2. Silanization Protocol

An aliquot of APTES was added to the DAC solution under stirring at 250 rpm at r.t., with a molar
ratio of aldehyde: organosilane of 2.5. After 1 h, the precipitated product was collected and washed
by centrifugation (5000 rpm for 15 min, 700 mL of water in total per sample). For the freeze-drying
treatment, the sample was frozen at −80 ◦C and then lyophilized (Christ Beta 1–8 LD Plus, Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). For the thermal treatment,
the sample was placed in an oven at 105 ◦C for 1 h (Memmert UNB 400, Schwabach, Germany).
The samples were stored in vials in a ventilated cupboard.

3.3. Solid-State NMR and FTIR Measurements

All solid state NMR experiments were performed on a Bruker Avance III HD 400 spectrometer
(Rheinstetten, Germany), resonance frequency of 1H at 400.13 MHz, 13C at 100.61 MHz, and 29Si at
79.54 MHz, respectively, equipped with a 4 mm dual broadband CP/MAS probe. 13C spectra were
acquired by using the total sideband suppression (TOSS) sequence at ambient temperature with a
spinning rate of 5 kHz, a cross-polarization (CP) contact time of 2 ms, a recycle delay of 2 s, SPINAL−64
1H decoupling and an acquisition time of 49 ms whereas the spectral width was set to 250 ppm. 13C
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chemical shifts were referenced externally against the carbonyl signal of glycine at δ = 176.03 ppm.
29Si NMR spectra were acquired with the normal CP pulse sequence using a spectral width of 300 ppm
and a contact time of 2 ms. Chemical shifts were referenced externally against DSS with δ = 0 ppm.

The samples were analyzed with a PerkinElmer Frontier FTIR Single-Range spectrometer in ATR
mode (PerkinElmer Frontier, Waltham, MA, United States).

4. Conclusions

In this work we 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. We describe the direct silanization of DAC with APTES, through thermal treatment and
freeze-drying, both with imine formation and hydroxyl group condensation. The grafting and covalent
binding between the organic and inorganic counterparts was proven and the structures characterized
by 29Si solid-state nuclear magnetic resonance, together with infrared spectroscopy (Fourier-transform
Infrared, FTIR). Interestingly, condensation occurred not only after thermal treatment (as it does
in the case of cellulose), but also after a simple freeze-drying process. The condensation of the
hemiacetal/aldehyde hydrate/hemialdal groups from DAC and the silanol groups in the hydrolyzed
APTES occurred simultaneously with imine link formation between the masked aldehyde structures
of DAC in APTES′ amino group. The resulting material was characterized by NMR techniques: the
absence of changes in the spectra over time confirmed the proposed cross-linking and its stability.
The constancy of the spectra indicated that formation of the crosslinked network was completed after
one day and did not proceed further or change afterwards. Apparently, the reaction centers were
consumed or became inaccessible because of the decreased internal mobility of the structure. In any
case, this relatively fast process in the DAC case is different from the slow, continuously changing
process in the case of celluloses as the co-reactant of silanes.

The modification was achieved in aqueous media and with mild reaction conditions, even by
an energy-saving and byproduct-reducing freeze-drying process instead of a thermal treatment. 13C
CP/MAS NMR confirms different grades of hydrolysis and condensation severity, depending on the
drying process. In all cases, the imine bond is confirmed. The product showed a larger silane network
for the specimens after thermal treatment. FTIR spectra confirmed all conclusions derived from NMR.
The resulting condensed hybrid product, combining an organic and inorganic phase, represent a class
of important biomaterials with diverse applications reaching from materials science over separation
science and chromatography to medicine.
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