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Preface

Continuing the success of its predecessor, “Lignocellulosic Biomass I”, the second volume of this

Special Issue embarks on a journey to explore the latest research and advancements in lignocellulosic

biomass utilization. This collection of articles reflects on the collaborative efforts of leading

researchers dedicated to addressing the challenges and opportunities of biomass conversion and

sustainable resource management. Our Special Issue offers a comprehensive compilation that delves

into emerging trends, novel approaches, and significant discoveries in the field of lignocellulosic

biomass research.

Despite its long history, lignocellulosic biomass research demands persistent efforts from the

scientific community. The emergence of transformative technologies, the integration of circular

bioeconomy principles, and the pressing need to combat climate change highlight the necessity to

spare no efforts or resources in this domain.

With the objective of inspiring new ideas, fostering interdisciplinary collaboration, and

promoting transformative solutions for global environmental sustainability, “Lignocellulosic Biomass

II” aspires to contribute significantly to this field.

As Guest Editors, we express our sincere gratitude to all authors for their exceptional research

contributions to this Special Issue. Additionally, we extend our thanks to the reviewers for their

rigorous evaluations, which have been instrumental in maintaining the scientific rigor and quality of

the submitted articles.

With immense enthusiasm and anticipation, we invite you to explore the diverse contributions

of “Lignocellulosic Biomass II” and join us in shaping a sustainable future for our planet.

Alejandro Rodrı́guez Pascual, Eduardo Espinosa Vı́ctor, and Carlos Martı́n

Editors
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Special Issue “Lignocellulosic Biomass II”
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2 Department of Biotechnology, Inland Norway University of Applied Sciences, N-2317 Hamar, Norway;
carlos.medina@inn.no

3 Department of Chemistry, Umeå University, SE-901 87 Umeå, Sweden
* Correspondence: a.rodriguez@uco.es; Tel.: +34-957-21-22-74

1. Introduction

As a result of human population growth, the availability of residual lignocellulosic
materials from agriculture, forestry, food- and wood-processing industries, and other waste
streams is continuously increasing. The composition and abundance of lignocellulosic
biomass make it a realistic option as feedstock for biorefineries, producing the bio-based
fuels, materials, and chemicals required for the sustainable development of society without
depending on fossil-based resources [1]. Lignocellulosic biomass represents a practically in-
finite feedstock source for satisfying the demands of the industry, and could thus contribute
to achieving a carbon-neutral future and alleviating the current threats related to climate
change. In previous collections, we compiled relevant contributions on the chemistry
and technology of lignocellulosic biomass [2] and on the bioconversion of crop residues
to biofuels and other bio-based products [3]. With this Special Issue, we present a new
collection of articles dealing with cutting-edge topics in the field of lignocellulosic biomass.

2. This Issue

In this Special Issue, twelve original research papers and three reviews, covering some
of the latest advances in research on lignocellulosic materials, are presented. Included in
the collection are research results related to the by-products from agriculture and crop
processing, e.g., corn stover, barley straw, rice husks, agave bagasse, apricot seed husks,
walnut shells, cacao pods waste, and spent coffee grounds. The collection also features
research on woody biomass, e.g., softwood and hardwood chips of different origin, teak
wood, Paulownia bark, eucalyptus kraft pulp, and hardwood-based spent mushroom
substrate, as well as herbaceous biomass, e.g., hemp and tall fescue.

Three articles deal with novel lignocellulosic materials of interest in biorefining.
Wawro et al. [4] investigated the suitability of four Polish varieties of industrial hemp
as raw materials for the production of lignocellulosic ethanol. After the alkaline treatment
of samples of the four materials, biomass from the Tygra and Rajan varieties was submitted
to enzymatic saccharification following either separated hydrolysis and fermentation or
simultaneous saccharification and fermentation schemes. The authors concluded that both
Tygra and Rajan varieties are promising raw materials for bioethanol production. Halysh
et al. [5] evaluated apricot seed husks and walnut shells as potential raw materials for
biorefineries in Ukraine. Both materials were pretreated with either H2SO4, NaOH, or
by steam explosion, and then subjected to enzymatic saccharification with commercial
cellulases. The results showed the potential of apricot seed husks and walnut shells for
producing value-added products using affordable and environmentally friendly chemical
technologies. It was concluded that alkaline pretreatment is the most advantageous method
not only because of its glucose yield, but also because it allows an easy lignin regeneration
from the spent liquor and the simple recovery of sodium hydroxide, which can be returned
to the technological process. Batog et al. [6] investigated the use of annually renewable

Molecules 2023, 28, 6230. https://doi.org/10.3390/molecules28176230 https://www.mdpi.com/journal/molecules1
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plant biomass from saline soils, namely tall fescue and hemp, for biorefining processes
leading to biofuels and novel materials. After alkaline pretreatment and simultaneous
saccharification, both tall fescue and hemp resulted in yields of 14 g ethanol per 100 g of
raw material. Both types of halophyte biomass, were shown to be suitable as fillers for
green composites displaying good mechanical properties.

Two papers bring up important aspects of the biorefinery processing of lignocellulosic
biomass. In one of these, Poveda-Giraldo et al. [7] used data from the literature and
simulation tools for developing a multi-criterion weighting of the best-performing schemes
for the isolation of the main lignocellulose constituents. It was concluded that dilute acid
is the most effective method for cellulose isolation and hemicelluloses removal, while the
kraft process is the best option for lignin removal and its future use in biorefineries. The
results are of high value for pretreatment systematization in the design of biorefineries. In
the second of these papers, Allegretti et al. [8] combined hydrothermal pretreatment with a
treatment with deep eutectic solvents in an environmentally friendly process for separating
the main components of rice husks. The produced lignin fractions were characterized and
evaluated as water reducers in cement pastes. The proposed strategy is very promising for
the valorization of husks of raw and parboiled rice from a circular economy perspective.

Two papers address the extraction of bioactive compounds from lignocellulosic
biomass. Rodríguez-Seoane et al. [9] applied pressurized extraction for recovering phe-
nolics from Paulownia bark. Subcritical water extraction (SWE) was carried out under a
non-isothermal operation by heating up to temperatures ranging between 140 and 240 ◦C,
while supercritical CO2 (scCO2) extraction was performed at different pressures, temper-
atures, and ethanol concentrations. SWE reached higher extraction yield and antiradical
capacity than scCO2 extraction. Extraction yields up to 30%, with extracts containing up
to 7% phenolics, were achieved with SWE under heating to 160 ◦C while, at 240 ◦C, the
yield decreased to 20%, but the phenolic content increased to 21% and the antiradical
activity was considerably higher. Gallic acid, vanillic acid, vanillin, and apigenin were
the major phenolics found in the extracts. Klausen et al. [10] evaluated the extraction of
bioactive compounds and cellulose saccharification as valorization strategies for spent
mushroom substrate (SMS). Four extraction methods, namely Soxhlet, reflux, SWE, and
ultrasound-assisted extraction, were used. SWE at 150 ◦C resulted in the best extraction
parameters among all the tested methods. Vanillic and chlorogenic acids were the primary
phenolic acids identified in the extracts, and the concentration of caffeic acid correlated well
with the antioxidant activity. The enzymatic saccharification of cellulose was enhanced
after the extraction of bioactive compounds.

Three articles discussed the use of wood-processing products and agroindustrial
residues for developing novel materials. Valente et al. [11] developed green composites
by reinforcing biopolymeric matrices of poly(lactic acid) and poly(hydroxybutyrate) with
micronized bleached eucalyptus kraft pulp fibers. The produced materials displayed
superior mechanical performance and lower water uptake compared with the composites
with non-micronized pulp fibers. The results showed the potential of micronization as a
simple and sustainable alternative for the manufacturing of entirely bio-based composites.
Naydenova et al. [12] used hydrolysis lignin, the residue of the industrial saccharification
of woody materials, for producing biochars by hydrothermal liquefaction at 500–700 ◦C.
The biochar produced at 600 and 700 ◦C displayed properties typical for microporous
adsorbents, suitable for selective adsorption purposes. The authors also proposed to use
the produced biochars as catalysts. Lavado-Meza et al. [13] present a study on producing
biosorbents for the removal of heavy metals from aqueous solutions. The biosorbents were
produced through the alkaline modification of coffee and cocoa agroindustrial waste. The
adsorbtion capacity and other characteristics of the biosorbents were thoroughly assessed.
Their efficiency on Pb (II) removal was higher than that of comparable biosorbents reported
in the literature.

Two papers on the bioconversion of lignocellulosic materials are included in this
Special Issue. Sierra-Ibarra et al. [14] reported on the fermentation of the hydrolysates of
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five different lignocellulosic materials with the ethanologenic strain Escherichia coli MS04.
The hydrolysates contained different glucose and xylose concentrations. It was found that
deleting the xyIR regulator plays an important role in xylose consumption and that acetate
has a positive effect on the co-consumption rates of glucose and xylose in hydrolysates.
Madubuike and Ferry [15] reported on the bioprospecting of novel enzymes for designing
cocktails to deconstruct lignocellulose. They characterized a novel acetyl xylan esterase
from the gut microbiota of the common black slug. The enzyme showed high thermal
stability and potential for hydrolysing acetylated xylan.

Three review papers on crucial topics related to lignocellulose processing complete this
Special Issue. Broda et al. [16] summarize the state of the art in bioethanol production from
lignocellulose. The paper highlights the most challenging steps of the process, presents
recent advances in the area, and discusses future perspectives for second-generation biore-
fineries. In a paper on processing biomass for hydrogen fermentation, Zhila et al. [17]
review aspects related to the efficiency of hydrogen production through the fermentation
of lignocellulosic hydrolysates. The effect of process parameters, both prior to and after
fermentation, are discussed. The paper examines the formation of inhibitory compounds
as a result of lignocellulose degradation during pretreatment and the effects of those com-
pounds on the microorganisms involved in dark fermentation and photo-fermentation and
on the management of post-fermentative liquid streams. A review on the durability of
cellulosic-fibers-reinforced geopolymer composites (CFGC) is presented by Liu and Lv [18].
The paper analyzes the recent literature on the influence of nanomaterials on the properties
of geopolymer composites. The effect of the degradation of cellulosic fibers and other
factors on CFGC durability is summarized.

3. Conclusions

The content of this Special Issue shows the relevance of lignocellulosic biomass as
a sustainable feedstock niche for bio-based industries. The guest editors of this Special
Issue acknowledge all the contributing authors. Their contributions show the recent
advancements in the research area of lignocellulosic biomass and provide indications of
the routes to follow towards a bio-based society.

The heterogeneity of lignocellulosic biomass sources remains challenging for science
and innovation today. New contributions regarding novel methods and technologies that
would allow the efficient processing of different lignocellulosic materials are expected to be
explored in a near future.
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Abstract: The extraction of bioactive compounds and cellulose saccharification are potential directions
for the valorization of spent mushroom substrate (SMS). Therefore, investigating the suitability of
different extraction methods for recovering bioactive compounds from SMS and how the extraction
affects the enzymatic saccharification is of uppermost relevance. In this work, bioactive compounds
were extracted from Pleurotus spp. SMS using four extraction methods. For Soxhlet extraction (SoE), a
40:60 ethanol/water mixture gave the highest extraction efficiency (EE) (69.9–71.1%) among the seven
solvent systems assayed. Reflux extraction with 40:60 ethanol/water increased the extraction yield
and EE compared to SoE. A shorter reflux time yielded a higher extraction of carbohydrates than
SoE, while a longer time was more effective for extracting phenolics. The extracts from 240 min of
reflux had comparable antioxidant activity (0.3–0.5 mM GAE) with that achieved for SoE. Ultrasound-
assisted extraction (UAE) at 65 ◦C for 60 min allowed an EE (~82%) higher than that achieved by
either reflux for up to 150 min or SoE. Subcritical water extraction (SWE) at 150 ◦C resulted in the
best extraction parameters among all the tested methods. Vanillic acid and chlorogenic acid were
the primary phenolic acids identified in the extracts. A good correlation between the concentration
of caffeic acid and the antioxidant activity of the extracts was found. Saccharification tests revealed
an enhancement of the enzymatic digestibility of SMS cellulose after the extraction of bioactive
compounds. The findings of this initial study provide indications on new research directions for
maximizing the recovery of bioactive compounds and fermentable sugars from SMS.

Keywords: spent mushroom substrate; Pleurotus ostreatus; bioactive compounds; ultrasound-assisted
extraction; subcritical-water extraction; enzymatic saccharification; cellulose

1. Introduction

Edible mushrooms are climate-smart protein-rich food sources with the potential to
partially substitute meat, whose production has a high climate impact [1]. Due to the
high content of bioactive compounds in mushrooms, their consumption exerts benefits on
human health. Mushroom production is a fast-expanding industrial activity involving the
cultivation of more than fifty fungal species [2]. Pleurotus spp. mushrooms are among the
most commercialized in the world market [3].

The generation of crop residues is continuously increasing due to the agricultural
expansion driven by global population growth. Disposal by burning is common practice for
managing the accumulation of plant residues [4]. However, this practice is against sustain-
ability principles and results in a waste of bioresources that are valuable for bioconversion
into products of high economic and social value [5]. Since mushrooms are cultivated on sub-
strates based on plant biomass, using crop and forest residues and by-products from food
and wood processing as substrates for mushroom cultivation is a rational bioconversion
alternative contributing to sustainable agriculture and forestry.

Molecules 2023, 28, 5140. https://doi.org/10.3390/molecules28135140 https://www.mdpi.com/journal/molecules5



Molecules 2023, 28, 5140

Mushroom cultivation is directed to produce fruitbodies of edible fungi. After har-
vesting the fruitbodies, an exhausted residual substrate, i.e., spent mushroom substrate
(SMS), is generated. SMS is the main by-product of the mushroom-producing business.
Depending on the substrate formulation, the fungal species, and the production system,
between three and five kilograms of SMS are formed per kg of cultivated mushrooms [6].
The amount of SMS generated globally by the mushroom industry is expected to reach
around 100 million tons by 2026 [7].

SMS is currently regarded as a residue with little value, and its accumulation chal-
lenges mushroom producers. Transporting SMS, a bulky material with high moisture
content, to disposal sites is expensive, while drying it at the mushroom farm is technically
demanding and energy-intensive. Additionally, SMS accumulation is of high environmen-
tal concern due to foul odors, greenhouse gases emission from spontaneous anaerobic
digestion, and leachate drainage to water sources [8].

SMS valorization following a circular-economy model is critical for the sustainability
of the mushroom industry. A valorization option to be considered is based on the potential
of SMS as a source of bioactive compounds and polysaccharides [9]. SMS contains bioactive
molecules originating from different sources, e.g., (i) the fungal mycelium; (ii) substances
secreted by fungal growth; (iii) lignocellulose phytochemicals; and (iv) products of partial
degradation of polysaccharides and lignin. Possible bioactive compounds in SMS include
polyphenols, polysaccharides, sterols, proteins, vitamins, and other substances.

Recovering bioactive compounds and using them as raw materials for developing
novel high-added value products is a promising direction for valorizing SMS. However,
while the extraction of bioactive molecules from fungal fruitbodies has been broadly
investigated [10], the study of bioactive compounds available in SMS is an entirely new
research field. Consequently, the literature has not yet covered essential knowledge on
extracting bioactive compounds from SMS.

Bioactive compounds can be recovered from biomass materials using conventional
techniques, such as Soxhlet or reflux extraction, performed with various solvents at their
boiling temperatures. However, those techniques are time- and energy-consuming, can
affect the properties of thermosensitive compounds, and the used organic solvents of-
ten present safety, environmental, and toxicological risks. To face that challenge, green-
extraction intensification techniques, e.g., ultrasonic assistance, microwaves, or pressurized
extractions, with lower energy consumption, shorter extraction times, and non-pollutant
solvents, can be used [11].

Saccharification of the polysaccharides contained in the solid residue remaining after
extraction of the bioactive compounds and using the resulting sugars in microbial fermen-
tations is another direction for valorizing SMS. We have previously shown that cellulose
contained in the SMS of shiitake mushroom (Lentinula edodes) is highly susceptible to enzy-
matic saccharification [12] and that the produced hydrolysates are readily fermentable by
baker’s yeast [13]. However, there are no systematic studies on the enzymatic saccharifica-
tion of SMS of Pleurotus spp. mushrooms, and it is unknown how the removal of bioactive
compounds by different extraction techniques can affect cellulose saccharification. The
main novelty of this work is that bioactive compounds are extracted from Pleurotus spp.
SMS and that the enzymatic saccharification of the extraction residues is evaluated.

In the current work, the recovery of bioactive compounds from SMS of Pleurotus
spp. mushrooms by conventional methods, e.g., Soxhlet and reflux extraction, and by
green-extraction techniques, e.g., ultrasound-assisted extraction and subcritical water
extraction, were investigated. The composition and antioxidant activity of the produced
extracts was evaluated using standard methods. Spectrophotometric methods were used
to analyze phenolic compounds, carbohydrates, and sterols, and high-performance liquid
chromatography (HPLC) was used to identify individual compounds. The enzymatic
digestibility of the raw SMS and the extraction residues was assessed using an analytical
enzymatic saccharification protocol and HPLC.
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2. Results and Discussion

This study included the extraction of bioactive compounds from SMS and the enzy-
matic saccharification of extraction residues (Figure 1). The SMS investigated was generated
from cultivating two strains of oyster mushrooms on a hardwood-based substrate. The
used strains were a commercial Pleurotus ostreatus × Pleurotus eryngii hybrid strain known
as Black Pearl King Oyster (BPKO) and a wild strain of P. ostreatus isolated in Norway,
which is hereafter referred to as Norwegian Oyster (NO). The initial substrate contained
around 36% (w/w) cellulose, 28% hemicelluloses, 19% lignin and 9% extractives (Table S1).
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Figure 1. Schematic layout of the experimental procedure followed for the extraction of bioactive
compounds from SMS and enzymatic saccharification of the cellulose contained in the extract-
free SMS.

2.1. Characterization of the Spent Mushroom Substrate

Cellulose was the main constituent of SMS from both fungal strains (Table 1). Cellulose
content accounted for 38.3% of the dry mass of BPKO SMS and 37.5% of that of NO SMS.
That is slightly higher than the cellulose content in the initial substrate. BPKO SMS also had
a higher xylan content (18.5%) than NO SMS (16.6%). The content of anhydroarabinose was
comparable for both SMSs. The combined content of xylan and anhydroarabinose in both
SMSs was lower than the hemicelluloses’ content of the initial substrate. SMS from BPKO
had a lower lignin content (16.0%) than NO SMS (18.4%). For both SMSs, lignin content
was lower than in the initial substrate. Extractive content was higher for the SMS of NO
(15.0%) than for BPKO SMS (13.5%) and the initial substrate. Water extractives (12.0–13.7%
of the SMS dry mass) were predominant over the ethanol extractives (up to 1.5%). The
content of water extractives was higher for NO than for BPKO, while that of ethanol
extractives was comparable for the SMS from both strains. Carbohydrates dominated the
water extractives, while phenolics represented a significant share of the ethanol extractives.
Carbohydrates were 72 and 89% of the mass share of the water extractives for NO and
BPKO SMS, respectively. Phenolic compounds represented around 20% of the mass share
of ethanol extractives. However, it should be noted that a large part of the phenolics had
already been solubilized by the water extraction, which was performed before the ethanol
extraction. Ergosterol was identified after alkali-assisted ethanol extraction. Ash content
was higher for the NO SMS (2.7%) than for the BPKO one (2.0%).

The lower content of lignin and hemicelluloses in the SMSs than in the initial substrate
can be attributed to degradation during cultivation. Pleurotus spp., like other white-
rot fungi, degrade, either partially or entirely, wood structural components and use the
degradation products as nutrients [14]. The higher content of extractives in the SMSs
than in the initial substrate is also a consequence of the fungal growth. Some extractive
compounds originated from the fungal degradation of the lignocellulosic components of
the substrate. For example, the phenolic compounds result from lignin degradation by
oxidative enzymes, such as peroxidases and laccases, that are secreted by fungi during
cultivation [3]. Other extractive compounds originated from fungal biomass. That includes
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carbohydrates, such as β-glucans [15], and proteins and sterols from the fungal mycelium,
which remains in the SMS by the end of cultivation [16].

Table 1. Chemical composition of SMS from the cultivation of BPKO and NO strains, mass fractions
in % (dry weight). Mean values from triplicate analyses are presented for all the components except
extractives. Standard deviation is shown in parenthesis.

BPKO NO

Cellulose 38.3 (0.6) 37.5 (0.6)
Hemicelluloses 22.1 20.4

Xylan 18.5 (0.6) 16.6 (0.6)
Anhydroarabinose 3.6 (0.1) 3.8 (0.3)

Klason lignin 16.0 (0.6) 18.4 (0.9)
Water extractives 12.0 13.7

Total carbohydrates 10.7(1.0) 9.8 (0.3)
Total phenolics 1.0 (0.2) 1.0 (<0.1)

Ethanol extractives 1.5 1.3
Total phenolics 0.3 (<0.1) 0.2 (<0.1)

Total extractives 13.5 15.0
Ergosterol <0.1 <0.1
Ash 2.0 (0.3) 2.7 (0.5)

2.2. Extraction of Bioactive Compounds from SMS Using Conventional Methods

The high content of extractive compounds in SMS makes it of interest as a source of
bioactive compounds. The extraction of bioactive compounds, provided that appropriate
methods are identified, might provide a suitable alternative for resource recovery from
SMS [16]. In this work, bioactive compounds were extracted from SMS using both conven-
tional and modern techniques, and the remaining solids were then subjected to enzymatic
saccharification (Figure 1).

Conventional methods, including maceration, percolation, and reflux extraction, have
been used to extract bioactive compounds from plant-based material for decades [17].
Reflux is more effective than percolation and maceration, but the three methods require
a long extraction time using large volumes of organic solvents. Another conventional
extraction method is the Soxhlet technique, which is a reflux system with an incorporated
siphoning device. It is a more efficient approach since it allows continuous extraction
combining reflux and percolation methods. However, it still requires high temperature and
long extraction time, which increase the possibilities of thermal degradation.

In this study, Soxhlet extraction with seven solvent systems was performed for SMS
from BPKO mushroom. After that, the solvent mixture giving the best results on yield,
composition, and antioxidant activity was used in reflux for several extraction times.

2.2.1. Soxhlet Extraction

In Soxhlet extraction applied to SMS from the BPKO strain, the seven solvent systems
resulted in different extraction yields (EYs). The highest EY (9.5% (w/w)) was achieved with
the 40:60 ethanol/water mixture (E40 in Figure 2a), which corresponded to an extraction
efficiency of 69.9%. The EY decreased proportionally with the increase in the share of any
solvent component in the mixture.

As the content of either water or ethanol increased, the recovery of total phenolic
compounds decreased. The highest recovery of total phenolic compounds (9.1 mg GAE/g
biomass) in the Soxhlet extracts was detected in the sample from the extraction with a
40:60 ethanol/water mixture (E40), and they were only slightly lower for the E50 and
E60 mixtures (Figure 2b). The recovery of phenolic compounds from SMS was higher
than that previously reported for the Soxhlet extraction of dehydrated P. ostreatus fruit-
bodies (3.9–6.4 mg GAE/g), but it was lower than that achieved for fresh fruitbodies
(14.3–21.9 mg GAE/g) [18]. The recovery of phenolics in the current study was comparable
with reported results for other plant-biomass materials using a similar extraction approach,
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but some particularities were observed. For example, the range of recovery of total phe-
nolics in this work (3.0–9.1 mg GAE/g biomass) was comparable with that achieved by
Espinosa et al. [19] by Soxhlet extraction of orange-peel waste with different ethanol/water
mixtures (2.43–8.55 mg GAE/g biomass). However, the extractability profile was different
in both studies. In Espinosa et al.’s study, the highest recoveries were achieved with solvent
systems containing at least 75% (v/v) ethanol, whereas in the current work, the highest
values were reached with mixtures containing between 40 and 60% (v/v) ethanol. The
different behavior can be attributed to the different compositions of the phenolic fraction
in both materials. Apparently, more polar compounds are predominant in the phenolic
fraction of SMS than in that of orange-peel waste. That is in line with the high share of phe-
nolic compounds found in the water extractives’ fraction during the SMS characterization
of the SMSs (Table 1).
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Figure 2. Soxhlet extraction applied to BPKO SMS. The extraction was held for four hours using
different ethanol/water mixtures. Extraction yield and extraction efficiency (a), recovery of total
phenolics, (b) concentration of total carbohydrates (c), and antioxidant activity (d). The numerals in
the horizontal axis indicate ethanol (E) volumetric share in the solvent mixture. Mean values from
triplicate experiments were used to build the graphs. The error bars show the standard deviations.

The concentration of total carbohydrates was the lowest when only ethanol was used
as the solvent, and it increased as the volumetric share of ethanol in the solvent system
decreased from 100 to 40% (Figure 2c). The maximum value was reached for the E40 mixture.
Then, a decrease was observed for E20 and E0. The increased concentrations in extractions
with decreasing ethanol shares in the solvent mixture agree with the existing knowledge on
the solubility of carbohydrates in ethanol/water mixtures [20]. The observed decrease in the
concentrations in extractions with solvent systems with lower ethanol shares (20 and 0%)
might be related to the predominance of polysaccharides or relatively large oligosaccharides,
which typically have lower ethanol solubility than that of monosaccharides [21]. The low
solubility of SMS carbohydrates in ethanol can be exploited for their isolation from water
extracts using ethanol precipitation.

The highest antioxidant activity (0.4 mM GAE) was found in the extract from the E40
solvent mixture (Figure 2d). The lowest value (0.1 mM GAE) was observed when ethanol
was the only solvent (E100). Antioxidant activity correlated well with the concentration of
total phenolics in the extracts (see Section 3.5).

2.2.2. Reflux Extraction

Reflux extraction applied to BPKO SMS lasted between 60 and 240 min, and it was
performed with the E40 solvent system, which gave the best results in the Soxhlet experi-
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ment (see Section 2.2.1). The extraction yield and efficiency increased proportionally with
the reflux time for the first three hours (Figure 3a). After that, a plateau was reached.
Reflux lasting 150 min or longer resulted in higher EY and EE than Soxhlet extractions. For
facilitating the comparison, horizontal lines denoting the best results achieved by Soxhlet
extraction are included in Figure 3.
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Mean values from triplicate experiments were used to build the graphs. The error bars show the
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The extract from the 60-min reflux had a significantly lower (p-value < 0.05) concen-
tration of total phenolic compounds (Figure 3b) and total carbohydrates (Figure 3c) than
those achieved with Soxhlet extraction using the same solvent mixture (Figure 2b). For the
concentration of phenolic compounds from more extended reflux extractions, the difference
was less remarkable, but it was still slightly lower than for Soxhlet extraction. Notably, no
significant differences were observed between the recoveries of total phenolics in extracts
from reflux extractions lasting 120 min or more, which were all in the range between 7.1 and
8.7 mg GAE/g biomass. For total carbohydrates, the concentrations in all the extracts from
reflux lasting 120 min or more were comparable to the highest value achieved with Soxhlet
extraction.

The antioxidant activity of all reflux extracts of the BPKO SMS, except for that from
the 60-min lasting extraction, showed comparable results (Figure 3d). The antioxidant
activity of the 60-min extract (0.3 mM GAE) was significantly lower (p-value < 0.05) than
the highest value achieved in Soxhlet extraction (0.4 mM GAE).

2.3. Extraction of Bioactive Compounds from SMS Using Green Techniques

The conventional extraction methods are usually performed with organic solvents and
require a high volume of solvent and a long time, which can affect the properties of the
extracted molecules. Green, or non-conventional, extraction methods have features such
as lower consumption of organic solvents, shorter extraction times, and higher efficiency
and selectivity, which allow overcoming the disadvantages of conventional extraction
methods [22]. Two green-extraction methods, namely ultrasound-assisted extraction and
subcritical water extraction, were evaluated for SMS in this study.

2.3.1. Ultrasound-Assisted Extraction

UAE under optimized conditions is a valuable green technique for extracting bioactive
compounds from plant biomass [23]. In this work, a full-factorial 32 experimental design
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was used to investigate the effect of temperature and time on the yield and efficiency
of UAE of BPKO SMS (Table 2). Since UAE has not been reported before for SMS, the
selected operational conditions were based on reported data for other plant-based residual
materials [11,19,24,25].

Table 2. Experimental design used in the ultrasound-assisted extraction applied to BPKO SMS.
Operational conditions of the design and extraction yields resulting from the experiment.

No. Temperature, ◦C Time, Min Extraction Efficiency 1,
g/100 g Biomass

1 35 30 10.9 (4.7)
2 35 45 20.1 (8.0)
3 35 60 12.4 (1.4)
4 50 30 61.6 (2.6)
5 50 45 60.7 (3.9)
6 50 60 67.5 (1.1)
7 65 30 69.4 (6.0)
8 65 45 80.8 (3.1)
9 65 60 81.7 (0.5)

1 Mean values from triplicate measurements. The standard deviations are shown in parentheses.

Ultrasound-assisted extraction applied to BPKO SMS at 35 ◦C resulted in comparable
responses independently of the extraction time. Increasing the temperature resulted in an
increase in the EY from 1.5–2.7% at 35 ◦C to 9.4–11.1% at 65 ◦C (Figure 4a). The differences
between results from different temperatures were statistically significant (p-value < 0.05).
For the experiments at 35 and 50 ◦C, the extraction yield was lower than the highest value
achieved with Soxhlet extraction. However, UAE at 65 ◦C resulted in comparable and
higher yields than Soxhlet extraction. This result agrees well with a previous report on
orange peel waste, where UAE at 80 ◦C resulted in higher extraction yield than Soxhlet
extraction but compared negatively at either 30 or 60 ◦C [19]. For UAE at 50 and 65 ◦C,
an increase in the EY with time was observed as a general trend. The highest EY (11.1%)
was observed for the extraction at 65 ◦C for 60 min. The trend observed for the EE was
similar to the one observed for the EY (Table 2). For EY and EE in UAE, less time and lower
temperature were required to reach comparable results as those obtained by Soxhlet and
reflux extractions.

The significance analysis revealed that the temperature was the independent factor
exerting the most important estimated effect on the extraction efficiency, as shown by the
Pareto chart of standardized effects (Figure 4b). The positive sign indicates that a tempera-
ture increase enhances the extraction efficiency. The quadratic term of the temperature also
exerted a significant effect but had a negative sign. No significant effects were exerted by
the extraction time, its quadratic term, and its interaction with the temperature. Previous
reports on longer UAE performed for orange peel waste showed that for that material
and under those conditions, time significantly affected extraction yield in the range of
10–60 min but had only a marginal effect in the range of 60–180 min [19].

An empirical model (Equation (1), R2 = 97.5%) describing the effect of the operational
conditions on extraction efficiency was proposed based on the experimental results. The
factors exerting no significant effects were excluded from the model. The model is shown
as Equation (1), in which EE is the extraction efficiency (in %), and T is the temperature
(in ◦C).

EE = 63.27 + 62.83 T − 34.77 T2 (1)

The response contour plot provides a better description of the estimated effect of
the temperature on the extraction efficiency (Figure 4c). The graph shows that the EE
increased sharply with temperature increase from 35 ◦C to around 50 ◦C. In contrast,
further temperature increases exerted a relatively moderate effect. A region with maximal
EE can be reached at around 60–65 ◦C and extraction times above 50 min.
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Extraction yield (a), Pareto chart of standardized effects (b), response contour plot (c).

The recovery of total phenolic compounds ranged from 2.5 mg GAE/g biomass in
the extracts from UAE at 35 ◦C for 30 min to 5.6 mg GAE/g in those from extractions at
65 ◦C for 60 min (Figure 5a). Those concentrations were significantly lower (p-value < 0.05)
than the highest values observed for Soxhlet (Figure 2b) and reflux (Figure 3b) extractions.
Nonetheless, the concentrations of phenolics achieved in all UAE experiments at 65 ◦C
were higher than those from Soxhlet extractions that used either pure ethanol (E100) or
water (E0) as solvents.
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For UAE at 35 and 50 ◦C, the concentrations of total carbohydrates in the extracts
were between 4.7 and 6.0 g/L (Figure 5b). That concentration range is clearly lower than
the highest values found for Soxhlet (Figure 2c) and reflux (Figure 3c) extractions. There
was a general increase in concentration with the increase in temperature, as can be shown
by the highest values for 35 ◦C (5.2 g/L), 50 ◦C (6.0 g/L), and 65 ◦C (7.3 g/L). As a rule,
extracts from UAE at a given temperature displayed carbohydrate concentrations in a
comparable concentration regardless of the extraction time. The highest total carbohydrate
concentrations were observed in extracts from experiments at 65 ◦C (6.8–7.3 g/L). Those
values were only slightly lower than the results in the best-performing Soxhlet and reflux
extractions.

The antioxidant activity of UAE extracts increased with temperature (Figure 5c). For
experiments at 35 and 50 ◦C, the results were somewhat comparable for different extraction
times at a given temperature except for extractions at 65 ◦C, which showed a general
increase with extraction time. In addition, even for the extract from UAE at 65 ◦C and for
60 min, the antioxidant activity was lower than for Soxhlet and reflux extractions.

2.3.2. Subcritical-Water Extraction

In a final experiment, SWE, e.g., extraction with water in a pressurized reactor, was
performed for the BPKO SMS. SWE was performed either non-isothermally (SWE 0) (by
heating an SMS suspension followed by cooling it immediately after reaching 150 ◦C)
or with a holding time of 10 min at 150 ◦C (SWE 10). The temperature profiles of both
experiments are shown in Figure 6a. The severity factor (SF) was 1.8 for non-isothermal
SWE and 2.3 for the experiment with a holding time of 10 min.
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Figure 6. Subcritical-water extraction applied to BPKO SMS. Temperature profiles (a), extraction
yield, and extraction efficiency (b). The extraction was held with either 0 or 10 min holding at 150 ◦C.
Mean values from triplicate experiments were used to build the graph in panel (b). The error bars
show the standard deviations.

The extraction yield was significantly higher (p-value < 0.05) for SWE with 10-min
holding at 150 ◦C (16.3%) than for the non-isothermal experiment (13.3%) (Figure 6b). The
same trend was observed for the extraction efficiency. The EY and EE were higher for
SWE than the other extraction methods, and the EE of SWE 10 exceeded 100% (w/w). That

13



Molecules 2023, 28, 5140

phenomenon can be attributed to an increase in the apparent mass of extractives by the
partial solubilization of cell wall constituents, mainly hemicelluloses. It is known that the
partial solubilization of the hemicelluloses can occur in subcritical water at temperatures
around 150 ◦C, especially if the temperature is held for a certain time [26].

The recovery of total phenolic compounds (Figure 7a) and the concentration of total
carbohydrates (Figure 7b) in the SWE extracts were higher for SWE 10 than SWE 0. For both
extracts, the content of phenolics was comparable with the values resulting from Soxhlet
and reflux extraction, but it was higher than for UAE. The content of total carbohydrates
was significantly higher (p-value < 0.05) than for Soxhlet extraction, as illustrated by the
position of the horizontal dashed line in Figure 7b. It was also higher than for reflux and
UAE. The extract from SWE 10 had the highest concentration of carbohydrates (16.8 g/L)
among the extracts from all extraction methods. That high concentration might be linked
with the presence of sugars resulting from the degradation of hemicelluloses.

Molecules 2023, 28, x FOR PEER REVIEW 11 of 24 
 

 

extraction. Furthermore, those results were achieved in a much shorter extraction time. 
That confirms the potential of subcritical-water extraction as an efficient method for 
achieving suitable extraction parameters more time-effectively than conventional 
extraction under atmospheric conditions [27]. 

 
Figure 7. Subcritical-water extraction applied to BPKO SMS. Recovery of total phenolics (a), 
concentration of total carbohydrates (b), and antioxidant activity (c). The extraction was held with 
a holding time of either 0 or 10 min at 150 °C. Mean values from triplicate experiments were used 
to build the graphs. The error bars show the standard deviations. 

2.4. Extraction of Bioactive Compounds from SMS of the Wild Strain of P. ostreatus 
Soxhlet-, reflux-, and ultrasound-assisted extraction were applied to the NO SMS 

using the conditions resulting in the best results for the BPKO SMS. A comparison of the 
results for the extraction of both SMSs is shown in Table 3. The E40 solvent mixture was 
used in all the experiments. 

The extraction yield and extraction efficiency were higher for NO SMS than for BPKO 
SMS (Table 3). The differences were statistically significant (p-value < 0.05) for the EY for 
all the extraction methods. The EE differences were significant for reflux extraction but 
not for Soxhlet extraction or UAE. 

The recovery of total phenolics in Soxhlet extracts was significantly higher for BPKO 
SMS than for NO SMS, but in reflux extracts and UAE extracts, it was the other way 
around (Table 3). The highest recovery of phenolics (9.5 mg GAE/g biomass) was found in 
the reflux extracts of the NO SMS. 

Table 3. Comparison of the results of different extraction methods applied to SMS of two Pleurotus 
spp. strains. Selected extraction conditions: Soxhlet with the E40 solvent mixture; E40 reflux for 120 
min; E40 UAE at 65 °C for 60 min. Mean values from triplicate analyses. The standard deviations 
are shown in parentheses. 

Parameter/Extraction Method BPKO SMS NO SMS 
Extraction yield, % (w/w) 

Soxhlet extraction 9.5 (0.3) 10.7 (0.2) 
Reflux extraction 8.5 (0.6) 12.6 (0.1) 
UAE 11.1 (0.1) 12.3 (0.3) 

Extraction efficiency, % (w/w) 
Soxhlet extraction 69.9 (1.9) 71.1 (1.5) 
Reflux extraction 62.9 (4.6) 83.7 (0.5) 
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As for other parameters, the antioxidant activity was higher in the extract from the
SWE 10 experiment than in the SWE 0 one (Figure 7c), and both extractions displayed higher
antioxidant activity than the extracts from Soxhlet, reflux, and ultrasound extractions.

The solvent used in SWE was distilled water, the so-called E0 solvent system in Soxhlet
extractions (see Section 2.2.1). When comparing the E0 Soxhlet extraction with both SWE
experiments, it is evident that SWE resulted in higher yield, efficiency, total phenolics and
carbohydrates concentration, and antioxidant activity than Soxhlet extraction. Further-
more, those results were achieved in a much shorter extraction time. That confirms the
potential of subcritical-water extraction as an efficient method for achieving suitable ex-
traction parameters more time-effectively than conventional extraction under atmospheric
conditions [27].

2.4. Extraction of Bioactive Compounds from SMS of the Wild Strain of P. ostreatus

Soxhlet-, reflux-, and ultrasound-assisted extraction were applied to the NO SMS
using the conditions resulting in the best results for the BPKO SMS. A comparison of the
results for the extraction of both SMSs is shown in Table 3. The E40 solvent mixture was
used in all the experiments.
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Table 3. Comparison of the results of different extraction methods applied to SMS of two Pleurotus
spp. strains. Selected extraction conditions: Soxhlet with the E40 solvent mixture; E40 reflux for 120
min; E40 UAE at 65 ◦C for 60 min. Mean values from triplicate analyses. The standard deviations are
shown in parentheses.

Parameter/Extraction Method BPKO SMS NO SMS

Extraction yield, % (w/w)
Soxhlet extraction 9.5 (0.3) 10.7 (0.2)
Reflux extraction 8.5 (0.6) 12.6 (0.1)
UAE 11.1 (0.1) 12.3 (0.3)

Extraction efficiency, % (w/w)
Soxhlet extraction 69.9 (1.9) 71.1 (1.5)
Reflux extraction 62.9 (4.6) 83.7 (0.5)
UAE 81.7 (0.5) 82.0 (2.2)

Total phenolics, mg GAE/g biomass
Soxhlet extraction 9.1 (0.3) 8.3 (0.2)

Reflux extraction 8.6 (0.2) 9.5 (0.2)
UAE 5.6 (0.5) 7.4 (0.3)

Total carbohydrates, g/L
Soxhlet extraction 7.8 (0.5) 6.1 (0.5)
Reflux extraction 8.1 (0.5) 7.9 (0.9)

UAE 7.3 (0.5) 7.4 (0.6)
Antioxidant activity, mM GAE

Soxhlet extraction 0.4 (<0.1) 0.5 (<0.1)
Reflux extraction 0.4 (<0.1) 0.5 (<0.1)
UAE 0.3 (<0.1) 0.4 (<0.1)

The extraction yield and extraction efficiency were higher for NO SMS than for BPKO
SMS (Table 3). The differences were statistically significant (p-value < 0.05) for the EY for
all the extraction methods. The EE differences were significant for reflux extraction but not
for Soxhlet extraction or UAE.

The recovery of total phenolics in Soxhlet extracts was significantly higher for BPKO
SMS than for NO SMS, but in reflux extracts and UAE extracts, it was the other way around
(Table 3). The highest recovery of phenolics (9.5 mg GAE/g biomass) was found in the
reflux extracts of the NO SMS.

On the other hand, in Soxhlet extracts, the concentration of total carbohydrates was
higher for BPKO SMS than for NO SMS. In contrast, the values were comparable for both
SMSs in reflux extracts and UAE extracts. The highest concentration of total carbohydrates
(8.1 g/L) was found in the reflux extract of the BPKO SMS. The antioxidant activity of the
extracts from all the extraction methods was significantly higher (p-value < 0.05) for NO
SMS than for BPKO SMS (Table 3).

The higher EY, EE, concentration of total phenolic compounds, and antioxidant activity
observed in the extracts of the SMS of the wild strain are in accordance with the content
of extractive compounds in the SMS (Table 1). Furthermore, these results might also be
interpreted as an indication that NO SMS has a higher susceptibility to being extracted and
to yielding extractive compounds with higher antioxidant activity than BPKO SMS.

2.5. Phenolic Acids in the Extracts and Their Correlation with the Antioxidant Activity

Six phenolic acids were identified in the extracts obtained by different methods
(Figure 8). Vanillic, gallic, and chlorogenic acids were the compounds detected in the high-
est concentrations in most of the extracts (Table 4). The concentrations of 2,3-dihydrobenxoic
acid and protocatechuic acid were below the detection limits. The highest concentrations of
vanillic acid (16.4 mg/L) and gallic acid (11.1 mg/L) were found in the SWE extract, while
the highest concentration of chlorogenic acid (7.3 g/L) was detected in the Soxhlet extract
using the E40 solvent mixture.
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Table 4. Concentration of phenolic acids 1 in selected extracts from BPKO SMS with different
extractions methods, mg/L. Mean values from triplicate analyses. The standard deviations are shown
in parentheses.

Extract
Sample 2

Chlorogenic
Acid

Caffeic
Acid

p-Coumaric
Acid

Ferulic
Acid

Gallic
Acid

Vanillic
Acid

SoE-80 6.0 (0.2) 0.7 (0.2) 2.3 (0.1) 0.9 (0.1) 5.5 (0.4) 12.4 (1.0)
SoE-40 7.3 (0.3) 1.1 (0.2) 2.3 (0.1) 1.1 (0.1) 3.6 (0.4) 8.2 (2.5)
SoE-20 4.6 (0.3) 0.6 (<0.1) 1.6 (<0,1) 0.8 (<0.1) 3.0 (0.6) 6.9 (1.3)
ReE-60 4.8 (0.3) 0.7 (0.1) 1.7 (0.1) 0.7 (<0.1) 2.8 (0.3) 3.8 (0.4)
ReE-120 4.2 (0.2) 0.7 (0.1) 1.1 (0.1) 0.6 (<0.1) 2.8 (0.4) 4.5 (0.4)
ReE-240 4.8 (<0.1) 0.7 (0.1) 1.5 (0.1) 0.7 (0.1) 2.5 (0.3) 5.8 (0.6)
UAE 35–30 3.1 (<0.1) 0.2 (0.1) 1.3 (0.1) 0.5 (<0.1) 2.6 (0.1) 2.9 (0.3)
UAE 50–45 3.6 (<0.1) 0.3 (<0.1) 1.3 (0.1) 0.6 (<0.1) 3.2 (0.2) 1.8 (0.4)
UAE 65–60 4.6 (0.1) 0.3 (<0.1) 1.7 (<0.1) 0.8 (0.1) 3.0 (0.3) 3.0 (0.2)
SWE 10 5.4 (<0.1) 1.7 (0.4) 1.2 (0.1) 0.7 (0.1) 11.1 (0.5) 16.4 (0.2)

1 Determined by HPLC; 2 Sample codification: for Soxhlet extraction (SoE), the numeral indicates the volumetric
share of ethanol in the solvent system; for reflux extraction (ReE), the numeral indicates the time (in min); for
UAE, the numerals indicate, respectively, the temperature (in ◦C) and the time (in min); for SWE, the numeral
indicate the holding time (in min).

The Soxhlet E40 extract also had the highest concentrations of p-coumaric acid (2.3 mg/L)
and ferulic acid (1.1 mg/L) (Table 4). For Soxhlet extraction, the concentration of total
identified phenolic acids and the concentrations of gallic and vanillic acids increased with
the increase in ethanol share in the solvent mixture. Gallic acid concentration increased
from 3.0 mg/L in the E20 extract to 5.5 g/L in the E80 extract, while vanillic acid increased
from 6.9 to 12.4 mg/L. This is an expected result, as gallic and vanillic acids are more soluble
in ethanol than water [28,29]. For other compounds, no clear trend was observed. For
caffeic acid (0.6–0.7 mg/L), ferulic acid (0.8–1.1 mg/L), and p-coumaric acid (1.6–2.3 mg/L),
the concentrations remained comparable for all the extracts.

For reflux extraction, regardless of the extraction time, comparable concentrations
were observed for each identified phenolic acid (Table 4). The exception was vanillic acid,
which showed increased concentration with extended extraction time. The phenolic acid
displaying the highest concentration in any reflux extract was vanillic acid (5.8 mg/L in the
240-min extract). The concentrations found in reflux extracts were generally comparable to
those from Soxhlet extractions with the E20 solvent mixture.
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For UAE, a general increase in the concentration of most phenolic acids was observed
with the increase in temperature and time (Table 4). The exceptions were gallic acid, whose
highest concentration (3.2 mg/L) was observed for the extraction at 50 ◦C and 45 min,
and vanillic acid, which did not show a clear trend. The highest concentration for any
of the identified compounds in UAE was found for chlorogenic acid (4.6 mg/L) in the
extract from the experiment at 65 ◦C and 60 min. UAE yielded lower concentrations
for all the phenolic acids than those observed for the E40 Soxhlet extraction and reflux
experiments. The most remarkable case was caffeic acid, whose concentration in UAE
extracts corresponded to only around half the value in the reflux extracts and one-fourth
in Soxhlet extracts. That phenomenon can be attributed to the degradation of caffeic acid
under ultrasound treatment, as shown previously in a study of sonication of phenolic acids
in a model system [30]. The highest combined concentration of all identified phenolic acids
(36.5 mg/L) was found for SWE (Table 4). The sum of the phenolic acids identified in the
Soxhlet, reflux, and UAE extracts was within the range of, respectively, 17–27.8, 14.0–16.1,
and 10.6–13.5 mg/L. SWE also resulted in the highest concentrations of several of the
individual compounds, e.g., caffeic acid (1.7 mg/L), gallic acid (11.1 mg/L), and vanillic
acid (16.4 mg/L).

Some phenolic acids have been reported before in fruitbodies of edible mushrooms [31].
The content of each phenolic acid identified in this work was lower than those previously
reported for extracts P. ostreatus fruitbodies [32]. The partial identification of phenolic acids
in SMS has been reported for shiitake mushrooms [33]. However, to our knowledge, there
are no previous studies on identifying phenolic acids extracted from the SMS of oyster
mushrooms.

The concentrations of total phenolic compounds, individual phenolic acids, and total
carbohydrates in all the extracts were correlated to the corresponding antioxidant activity,
which was expressed as ferric-ion reducing antioxidant power (FRAP). A strong, significant,
and positive correlation between the concentration of total phenolic compounds (mg/L)
and the ferric-reducing power (mM GAE) (R2 = 0.80, Pearson correlation coefficient (PCC):
0.89, p-value < 0.05) was revealed (Figure 9a). That is an indication of a strong contribution
of the total phenolic compounds to the observed antioxidant activity in the samples. This
result agrees with previous studies reporting correlations between antioxidant activity,
using various criteria, and total phenolic content (TPC) in extracts of fungal biomass and
other materials. For example, Martínez-Flores et al. [18] found a strong positive correlation
between TPC and antioxidant activity, determined by both the radical scavenging activity
(DPPH) and the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay, in
aqueous ethanol extracts of P. ostreatus and Pleurotus djamor fruitbodies. Yim et al. [34]
reported a strong significant correlation in aqueous extracts of P. ostreatus fruitbodies using
the FRAP assay. For other biomass materials, Showkat et al. [35] reported a significant
correlation between the TPC of extracts of Jerusalem artichoke and their antioxidant activity
using the DPPH assay, and a similar result was reported by Espinosa et al. [19] for extracts
of orange peels using the ABTS assay. No correlations between antioxidant activity and
concentration of phenolics or other compounds have been reported for SMS extracts.

Our results also revealed a positive correlation between the antioxidant activity and the
concentration of caffeic acid (R2 = 0.81, PCC = 0.90, p-value < 0.05) (Figure 9b), indicating
that caffeic acid is an essential contributor to the antioxidant activity observed in the
SMS extracts. This agrees well with the existing knowledge on the antioxidant activity
exerted by caffeic acid [36]. The low caffeic acid concentration of the UAE extracts (Table 4)
might be behind their lower antioxidant activity compared to the other extracts (Figure 5c).
Similarly, the higher antioxidant activity of SWE extracts (Figure 7c) might be linked to
their higher caffeic acid concentration compared with that of the extracts obtained by other
methods. On the other hand, the correlations found between the antioxidant activity and
other phenolic acids had relatively low R2 values (Tables S7 and S8). Some correlation
(R2 = 0.68, PCC = 0.82, p-value < 0.05) was observed between the antioxidant activity
and the concentration of total carbohydrates (Table S9). That might be related to specific
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carbohydrates, such as β-glucans [37], which are typically contained in fungal fruitbodies
and mycelium, and are known to show antioxidant activity [32,38].
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2.6. Enzymatic Saccharification of SMS

The enzymatic saccharification was evaluated by comparing the cellulose digestibility,
i.e., the mass percentage of cellulose being saccharified, of different SMS samples upon
treating them with cellulolytic enzymes. An analytical enzymatic saccharification assay [39]
was applied. The initial substrate used for mushroom cultivation was also included in
the experiment. The enzymatic digestibility of cellulose was 9.4% (w/w) for the initial
substrate. In comparison, it was 12.5% and 15.8% for NO SMS and BPKO SMS, respectively
(Figure 10). That corresponds to an enhancement of the enzymatic digestibility by 33% for
NO SMS and 68% for BPKO SMS compared to the initial substrate. The enhanced enzymatic
digestibility of cellulose in SMS compared with the initial lignocellulosic substrate is a
consequence of fungal cultivation acting as a biological pretreatment [40]. While growing
on lignocellulose, fungi remove part of lignin and hemicelluloses, and that improves the
accessibility of cellulose to the enzymes. The digestibility pattern for both SMSs is in good
agreement with their lignin content: BPKO SMS, which contained 16% lignin (Table 1), had
better digestibility than NO SMS, which contained 18.4% lignin.

The observed enhancement of the enzymatic digestibility is higher than the previously
reported by Zadrazil [41] for SMS of P. ostreatus grown on a wheat-straw substrate, but our
absolute digestibility values were lower. However, the enzymatic digestibility achieved
in the current work was below the expectations that one could have for a biologically
pretreated material. It is expected that the delignification caused by fungal cultivation, i.e.,
a biological pretreatment, leads to an enhancement of the enzyme access to the substrate,
which results in an improvement of the enzymatic saccharification [13]. The poor enzymatic
digestibility observed in the current work might be attributed to pretreatment-related issues,
such as the fungal strains or the cultivation conditions. It might be so that the cultivation
time was not long enough to ensure an effective delignification. The lignin content in
the SMS (16.0–18.4% (Table 1) was only slightly lower than in the initial substrate (19%,
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Table S1). The enzymatic digestibility values were lower than our previously reported
results for Lentinula edodes SMS [12]. The lower enzymatic digestibility of the Pleurotus spp.
SMS than that of L. edodes SMS is in line with the results of a previous study with the SMS
of another oyster mushroom [42]. In that study, the enzymatic saccharification of SMS from
the cultivation of Pleurotus pulmonarius on a birch-based substrate resulted in lower glucose
yields than typical values for an L. edodes birch-based SMS. The result was attributed to the
fact that the longer time required for shiitake cultivation provides a better pretreated SMS
than that of oyster mushrooms, which requires less time for cultivation and results in a
lower delignification degree.
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The enzymatic saccharification was also assayed for the SMS after exhaustive extrac-
tion. For both SMSs, the enzymatic digestibility of cellulose was improved after the removal
of the extractive compounds (Figure 10). For the NO SMS, the enzymatic digestibility in-
creased approximately two-fold (from 12.5 to 23.0%), while for the BPKO SMS, an almost
four-fold increase was observed (from 15.8 to 57.6%). The enhancement of the enzymatic di-
gestibility after extraction can be attributed to the partial removal of extractive compounds
that are inhibitory to the enzymes. It is known that certain phenolic compounds formed by
lignin degradation or by solubilization of the extractive fraction of lignocellulose inhibit
cellulolytic enzymes [43]. An investigation of the effect of SMS phenolic compounds on the
inhibition of enzymatic saccharification is underway by this group.

Even if clear improvements were observed due to the extraction, the achieved di-
gestibility values are still relatively low. The current study is a pioneering investigation
on upgrading SMS by recovering bioactive compounds and producing sugars to be con-
verted into high-added value products following a biorefinery approach. Developing
an SMS-based biorefinery requires further improvement for producing enough sugars to
back microbial fermentation processes of industrial relevance. A strategy to follow in that
direction is to investigate how different extraction methods and operational conditions
can improve enzymatic saccharification. Another strategy to consider is applying a post-
treatment, e.g., with an acid or an alkali, to the extract-free SMS to improve its enzymatic
digestibility further. It has been shown that treating the SMS of Flammulina velutipes with
dilute sulfuric acid results in a high yield of reducing sugars [44]. It has also been reported
that alkaline treatment of Pleurotus florida SMS facilitated the enzymatic saccharification to
produce enough sugar for producing ethanol by yeast fermentation [45]. Furthermore, since
the 5% (w/w) biomass load used in the enzymatic saccharification assay in this study is
intended only for analytical purposes, larger loads are required for producing fermentable
sugar amounts of industrial relevance. Therefore, preparative enzymatic saccharification
protocols with biomass loads in the 10–20% range need to be developed and optimized for
SMS from different sources.
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3. Materials and Methods
3.1. Materials

SMS from the cultivation of two fungal strains was provided by Husbonden AS
(Disenå, Norway). The cultivated fungi were a commercial strain, which is a Pleurotus
ostreatus × Pleurotus eryngii hybrid, referred to as the Black Pearl King Oyster (BPKO)
mushroom, and a wild P. ostreatus strain isolated in Norway, which is hereafter referred to
as the Norwegian Oyster (NO) mushroom. The initial substrate (IS) used for mushroom
cultivation was composed of 32% oak (Quercur robur) sawdust, 8% wheat (Triticum aestivum)
bran, ~60% water, and 0.08% CaCO3. SMS and IS samples were dried at room temperature
in a ventilation hood until a dry-matter (DM) content above 90% (w/w) was reached. The
dry samples were shredded using a Robot Coupe shredder (Robot-Coupe SNC, Montceau-
en-Bourgogne, France) and sieved to a particle size below 0.5 mm. The resulting powdered
material was stored in sealable plastic bags until further use.

The chemicals were acquired from Sigma-Aldrich Chemie GmbH (Steinheim, Ger-
many) if not stated otherwise. The enzyme blend Cellic CTec2, procured from Sigma-
Aldrich, was used in the enzymatic saccharification experiments. It contains cellulases,
β-glucosidases, other enzymes involved in cellulose degradation, and hemicellulolytic
enzymes. The CMCase activity of the used enzyme preparation was 330 U/mL.

3.2. Characterization of Biomass Materials

The content of dry matter, mineral components (ash), extractive compounds, structural
polysaccharides, and lignin in raw- and extract-free SMS and the initial substrate was
determined using standard protocols. All the analyses were performed in triplicates, and
mean values and standard deviations were reported.

Dry matter was determined gravimetrically by drying overnight at 105 ◦C as previ-
ously described [46]. A Termaks TS4057 oven (Termaks, Bergen, Norway) and a Sartorius
analytical balance (Sartorius Lab Instruments GmbH, Göttingen, Germany) were used. For
determining the content of mineral components, 2 g (dry weight (DW)) samples were incin-
erated at 575 ◦C based on the National Renewable Energy Laboratory (NREL) standard [47].
A Carbolite CWF 1100 muffle furnace (Carbolite Gero, Sheffield, UK) was used.

Extractive compounds were determined by sequential Soxhlet extraction using water
and absolute ethanol according to NREL standard protocol [48]. Extraction was performed
using 7 g of biomass and 250 mL of solvent at a 35:1 (v/w) solvent-to-biomass ratio (SBR).
Water extraction was run for eight hours, and ethanol extraction was run for six hours. After
extraction, the total volume of the liquid fraction was brought back to 250 mL, and vacuum
filtration was performed using ashless filter paper (S & S, Dassel, Germany). Then, 10 mL
samples were withdrawn and stored frozen for further analyses. After that, the solvent
was recovered by vacuum evaporation using a Büchi R-114 rotary evaporator (BÜCHI
Labortechnik AG, Flawil, Switzerland). The liquid remaining at the end of the operation
was left to evaporate in pre-weighed beakers in a ventilation hood. Finally, the extracts
were dried in an oven (Termaks) overnight at 35 ◦C for multiple days until constant weight.

The determination of structural carbohydrates and lignin was performed by analytical
acid hydrolysis based on an NREL protocol [49]. Aliquots of 300 mg (DW) were mixed with
3 mL 72% sulfuric acid and hydrolyzed at 30 ◦C for 1 h in a water bath. Then, the samples
were transferred to previously weighed 100 mL screw-top flasks, 84 mL distilled water
was added to bring the concentration of H2SO4 down to 4%, and hydrolysis was run at
121 ◦C for 1 h in a CertoClav CV-EL 18L autoclave (CertoClav Sterilizer GmbH, Leonding,
Austria). After that, the flasks with the hydrolysates were cooled to room temperature in
an ice bath, and the weight was readjusted to the initial value by distilled water addition.
The hydrolysates were then separated from the solid residue (Klason lignin) by filtering
through pre-dried and pre-weighed filters. Klason lignin was determined gravimetrically
after drying overnight at 105 ◦C in a Termaks oven. Then, 5 mL hydrolysate samples were
stored frozen in plastic tubes for later analysis.
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3.3. Extractions
3.3.1. Soxhlet Extraction

A Soxhlet apparatus with an extractor chamber capacity of 200 mL was used with a
heating mantle. Extractions with solvent systems containing water and absolute ethanol in
100:0, 80:20, 60:40, 50:50, 40:60, 20:80, and 0:100 (v/v) ratios were held for 4 h for the SMS of
the BPKO strain. The SMS of the NO strain was extracted only with the 40:60 ethanol/water
mixture. Eight grams (DW) of biomass samples were used, and the solvent was added at
a volume ensuring an SBR of 25:1 (v/w). The extraction with 50:50 solvent mixtures was
performed in triplicate, and the standard error of the experiment was calculated.

After all extractions, the liquid fractions containing the solvent and the extract were
brought back to their starting volume by adding the corresponding solvent and then
vacuum filtered as described above. Samples were taken to determine the extraction yield
and extraction efficiency, and around 10 mL was stored frozen in Falcon tubes until further
analyses. The remaining extract was concentrated by rotary evaporation (Büchi). For
determining the EY, 2 mL aliquots of the liquid sample were dried overnight at 105 ◦C
(Termaks), and the extract was weighed using an analytical balance (Sartorius). The EY
was calculated as the percentage of extract from the mass of the SMS sample submitted
to extraction. The EE was calculated as the mass percentage of the extract out of the total
content of extractive compounds determined in the characterization. The concentrated
extracts were frozen in 50 mL falcon tubes and used later to identify individual phenolic
acids by HPLC. The extract-free solids were air-dried at room temperature. After that, their
dry matter content was determined, and the rest was stored in plastic bags.

3.3.2. Reflux Extraction

Reflux extraction was performed with a 250 mL round flask and a 250 mm reflux
condenser together with a heating mantle, using a 40:60 (v/v) absolute ethanol/water
mixture as a solvent system at the same solvent-to-biomass ratio as in the Soxhlet extraction.
The extraction time was 60, 120, 150, 180, or 240 min. The extraction lasting 150 min was
performed in triplicate. The extracts were processed following the same procedures used
for Soxhlet extraction.

3.3.3. Ultrasound-Assisted Extraction

UAE was performed with a 40:60 (v/v) ethanol/water mixture as a solvent system. A
25:1 (w/v) solvent-to-biomass ratio was used. A 23 experimental design was applied, with
the temperature (35, 50, and 65 ◦C) and extraction times (30, 45, and 60 min) as independent
factors. Extraction was performed by immersing a sonication probe (Sonifier SFX250,
Brandson, Mexico) in a 250 mL round wide-neck flask containing a suspension of the SMS
in the solvent system. The ultrasonic frequency was 20 kHz, the maximum power was
250 W, and the amplitude was 50%. A cold-water bath was used to avoid overheating of the
suspension. The extracts were separated and processed as described in previous sections.

3.3.4. Subcritical Water Extraction

Subcritical water extraction was performed by heating a mixture containing 12 g (DW)
of dry SMS suspended in 300 mL of distilled water in a pressurized Parr 4520 reactor (Parr
Instrument Company, Moline, IL, USA). Two SWE regimes were applied. In one run, the
SMS suspension was treated non-isothermally by heating it to 150 ◦C and cooling it to
room temperature immediately afterward. In the second run, the temperature was held at
150 ◦C for 10 min before cooling to room temperature. The severity factor (log R0) was 1.8
in the first run and 2.3 in the second. The reactor was cooled by immersion in icy water.

3.4. Analytical Enzymatic Saccharification (AES)

Around 50 mg (DM) of raw and extract-free SMS was suspended in 900 µL of 50 mM
sodium citrate buffer (pH 5.2) at a 5% (w/w) solids content in Eppendorf tubes. The tubes
with the suspensions were mixed at 100 rpm for one hour in a Thermo Scientific compact
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digital waving rotator (Thermo Fischer Scientific, Waltham, MA, USA) placed in a Termaks
B4115 incubator set at 45 ◦C. After that, 50 µL of a previously prepared stock solution of
the cellulase blend Cellic CTec2 (Sigma-Aldrich, Steinheim, Germany) was added at a load
of 80 CMCase units/g biomass. The reaction mixtures were then incubated under the same
conditions for 72 h. Enzyme-free substrate controls and substrate-free enzyme blanks were
run in parallel. After elapsing the reaction time, the resulting slurry was separated using
a Heraeus Pico 21 centrifuge (Thermo Fisher Scientific, Osterode, Germany) at 20,200× g
for 5 min at 4 ◦C. The supernatant, hereafter referred to as hydrolysate, was transferred
to new Eppendorf tubes and stored frozen until further analysis, and the solid material
was discarded. Glucose in the hydrolysates was determined by high-pressure liquid
chromatography (HPLC). Glucose concentration was used for calculating the enzymatic
digestibility. The enzymatic digestibility was calculated as the mass percentage of the
cellulose contained in the AES assay saccharified to glucose.

3.5. Analytical Methods
3.5.1. Total Carbohydrates

Determination of the concentration of total carbohydrates was performed based on
a modification of the phenol–sulfuric acid protocol [50]. The method is based on reading
the absorbance of a 1:3 (v/v) mixture of extract and concentrated sulfuric acid at 315 nm
in a quartz cuvette using a UV 3100P spectrophotometer (VWR, Leuven, Belgium). The
analysis was performed in triplicates.

3.5.2. Total Phenolics

To determine the concentration of total phenolics, the Folin–Ciocalteau method [51]
was used. The calibration standard was gallic acid dissolved in 10% ethanol. The ab-
sorbance was measured at 765 nm with a UV 3100P spectrophotometer (VWR). The anal-
ysis was performed in triplicates, expressing the results as gallic acid equivalents (GAE).
The results were used for calculating the recovery of total phenolics in extractions from
SMS samples.

3.5.3. Antioxidant Activity

Antioxidant activity was determined essentially according to Guo et al. [52] using
the ferric-ion reducing antioxidant power (FRAP) assay. The FRAP solution was freshly
prepared by mixing 40 mM tripyridyltriazine (TPTZ) with 20 mM FeCl3 and acetate buffer
(pH 3.6) in a ratio of 1:1:10. Distilled water (30 µL) was pipetted into each well of a Nunclon
96-well plate (Nalge Nunc International, Roskilde, Denmark) before adding 6 µL of sample,
standard or blank (distilled water). The FRAP solution was preheated in a water bath
at 37 ◦C for 10 min before adding 270 µL to each well. The microplate was incubated at
37 ◦C for 10 min before reading absorbance using a FluroStar Optima spectrophotometer
(BMG Labtech, Offenburg, Germany) at 595 nm over 30 min. Sample measurements were
performed in triplicates. TPTZ, FRAP solution, and gallic acid standards (0.01, 0.1, 0.25, 0.5,
and 1.0 mM) were prepared fresh for every run.

3.5.4. Ergosterol Determination

Ergosterol was extracted by mixing 0.5 g (DM) biomass with 15 mL ethanolic solution
of KOH in a 30:1 (v/w) SBR. The mixture was held in a water bath at 85 ◦C for 1 h for
saponification and then cooled to room temperature and vacuum filtered. In a separation
funnel, ergosterol was recovered from the saponification mixture by two-fold liquid–liquid
extraction with cyclohexane (Merck, Darmstadt, Germany). The resulting organic fractions
from both extraction steps were pooled together. Quantification was performed by reading
the absorbance at 285 nm with a UV 3100P spectrophotometer (VWR) and using analytical-
grade ergosterol as the calibration standard.
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3.5.5. HPLC Determination of Sugars and Phenolic Acids

Glucose, xylose, and arabinose in the analytical acid hydrolysis, glucose in the en-
zymatic saccharification, and phenolic acids in the extract were determined by HPLC
using an Ultimate 3000 (Dionex Softron, Germering, Germany) system. The separation of
sugars in the analytical acid hydrolysates samples was completed with an Aminex HPX-
87H column (Bio-Rad Laboratories, Hercules, CA, USA) held at 60 ◦C, and detection was
performed with a Series 200 refractive index (RI) detector (Showa Denko, Tokyo, Japan).
The mobile phase was a 5 mM sulfuric acid solution (VWR Chemicals, France), eluted at
0.6 mL/min flow for 40 min per sample. Glucose in the enzymatic saccharification was
determined using a Rezex-RPM Monosaccharide Pb+2 column (Phenomenex, Torrance,
CA, USA) heated to 85 ◦C and an RI detector (Showa Denko). The eluent was distilled
water, filtered through a 0.45 µm membrane filter of regenerated cellulose (GE Healthcare,
Buckinghamshire, United Kingdom), and eluted at 0.6 mL/min for 40 min per sample. The
phenolic acids were separated on a Kinetex 5u C18 100A column (Phenomenex). A UV
detector (Dionex Softron) at either 330 nm or 280 nm was used. HPLC was run at 25 ◦C
with a flow of 1.5 mL/min for 18 min per sample. The mobile phase contained 95% of 0.1%
trifluoroacetic acid (FLUKA Chemie AG, Buchs, Switzerland) and 5% acetonitrile (VWR
Chemicals, France). HPLC-grade chemicals were used as standards. Before HPLC analysis,
all the samples were appropriately diluted and filtered using 0.45 µm Nylon syringe filters
(VWR, Radnor, PA, USA).

3.6. Statistical Analysis

The statistical significance was calculated using one-way and two-way ANOVA and
Student’s t-test. Correlations between antioxidant activity and either concentration of total
phenolic compounds or individual phenolic acids were determined using Microsoft Excel
(version 2102), and the R2, Pearson’s correlation coefficient and p-value were calculated.
Statistical analysis tables are provided as Supplementary Material (Tables S2–S9).

Microsoft Excel, Statgraphics Plus 5.0 for Windows (Manugistics Inc., Rockville, MD,
USA), and MODDE 11.0 (Umetrics AB, Umeå, Sweden) were used for processing the results.

3.7. Formatting of Chemical Structures

Chemical structures were drawn using the molecular editing software ChemDoodle
10.3.0 (https://www.ichemlabs.com/, accessed on 10 April 2023).

4. Conclusions

This study provided basic knowledge on the suitability of different extraction methods
for recovering bioactive compounds from spent mushroom substrate. The potential of
ultrasound-assisted extraction and subcritical-water extraction for extracting bioactive
compounds from the spent mushroom substrate of two Pleurotus spp. strains was shown.
UAE allowed a comparable extraction yield under relatively milder conditions than reflux
or Soxhlet extraction at higher temperatures and longer times. Among the four tested
methods, SWE resulted in the highest extraction yield and efficiency, higher concentra-
tions of phenolic compounds and total carbohydrates, and higher antioxidant activity
of the extracts. The results of this study reveal clear directions about how the research
ought to proceed for maximizing the recovery of bioactive compounds from SMS. Further
experiments based on these findings are currently underway in our group.

A comparison of the extraction parameters for SMS of two fungal strains revealed a
higher susceptibility of a wild P. ostreatus strain to yield extracts with higher antioxidant
activity than that of a commercial Pleurotus spp. strain.

Several phenolic acids were identified in the extracts of SMS. The antioxidant activity
of SMS extracts was found to be strongly correlated with their concentration of caffeic acid
and total phenolic compounds.

Lastly, it was demonstrated that the enzymatic digestibility of cellulose contained in
SMS is enhanced after the extraction of bioactive compounds.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28135140/s1, Table S1. Chemical composition of the
initial substrate used for the cultivation of the BPKO and NO strains. Mass fractions in % (dry
weight). Mean values from triplicate analyses are presented for all the components, except extractives.
Standard deviation is shown in parenthesis. Table S2. One-factor ANOVA analysis with replication of
total phenolic content in Soxhlet extractions. Based on triplicate measurements from nine extractions
(E0-E100). Table S3. Two-factor ANOVA analysis with replication of total carbohydrate content in
ultrasound-assisted extractions. Based on triplicate measurements from nine extractions at three
extraction times and three temperatures (30, 45 and 60 min) (35, 50 and 65 ◦C). Table S4. One-factor
ANOVA analysis with replication, of antioxidant activity (measured by FRAP) in reflux extractions.
Based on triplicate measurements from seven extractions at different extraction times (60–240 min).
Table S5. Correlation between caffeic acid concentration and antioxidant activity (FRAP). Table S6.
Correlation between total phenolic content and antioxidant activity (FRAP). Data points from all
extractions were included. Table S7. Correlation of ferulic acid concentration with antioxidant activity
(FRAP). Table S8. Correlation of chlorogenic acid concentration with antioxidant activity (FRAP).
Data points from all extractions were included. Table S9. Correlation between total carbohydrate
content and antioxidant activity (FRAP). Data points from all extractions were included.
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Abstract: The present study aimed at utilizing technically hydrolyzed lignin (THL), industrial
biomass residue, derived in high-temperature diluted sulfuric acid hydrolysis of softwood and hard-
wood chips to sugars. The THL was carbonized in a horizontal tube furnace at atmospheric pressure,
in inert atmosphere and at three different temperatures (500, 600, and 700 ◦C). Biochar chemical
composition was investigated along with its HHV, thermal stability (thermogravimetric analysis),
and textural properties. Surface area and pore volume were measured with nitrogen physisorption
analysis often named upon Brunauer–Emmett–Teller (BET). Increasing the carbonization temperature
reduced volatile organic compounds (40 ÷ 96 wt. %), increased fixed carbon (2.11 to 3.68 times the
wt. % of fixed carbon in THL), ash, and C-content. Moreover, H and O were reduced, while N- and
S-content were below the detection limit. This suggested biochar application as solid biofuel. The
biochar Fourier-transform infrared (FTIR) spectra revealed that the functional groups were gradually
lost, thus forming materials having merely polycyclic aromatic structures and high condensation
rate. The biochar obtained at 600 and 700 ◦C proved having properties typical for microporous
adsorbents, suitable for selective adsorption purposes. Based on the latest observations, another
biochar application was proposed—as a catalyst.

Keywords: technically hydrolyzed lignin; carbonization; biochar characterization

1. Introduction

Biomass residues are generated annually in huge amounts as a result of different
human activities. The plants’ structure contains three main components that are in differ-
ent proportions—cellulose, hemicellulose, and lignin. Generally, the cellulose content is
predominant, followed by lignin [1]. Actually, lignin is the main by-product obtained in a
plentiful amount from numerous industrial processes [2], such as the food and paper indus-
tries, lignocellulose-based biorefinery, etc. [3–5]. For example, only the pulping industry
generates around 40 million tons of lignin annually [2]. Due to its calorific value, lignin
is often used as solid biofuel in industrial boilers. However, lignin has the potential as
feedstock that substitutes the petroleum-based products utilized to manufacture industrial
coatings, gels, emulsifiers, etc. [5,6]. In fact, lignocellulose biomass is considered a major
source of value-added products and a bioenergy carrier worldwide [7].

In recent decades, the utilization of lignocellulosic matter as a source of renewable
fuel, chemicals, or porous biochar derivatives is gaining considerable attention due to its
neutral carbon cycle [8]. Comprehensive utilization of lignocellulosic biomass is possible
after solving the issue related to its decomposition. The bio-refinery might be more effective
if, along with ethanol production from cellulose and hemicellulose, the factory succeeds
to obtain value-added products also from the rested hemicellulose and lignin [5]. On
the other hand, lignin has been widely studied and typically processed for producing
bio-based fuels and chemicals [9]. The significant interest in ethanol production from
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vegetal raw materials places the question of adequate utilization of the resulting biomass
residue. The large internal surface of the lignocellulosic material and the availability of
different functional groups could suggest the possible usage of such materials as adsorbents
of metal ions, e.g., for water purification purposes. Renewable agricultural residues are
produced in bulk as waste, and their storage and management create an environmental
problem. The application of agricultural wastes as biosorbents is possible directly or
after activation [10–12]. Previous investigations [13] proved that some of the biosorbents’
advantages are biodegradability and good adsorption properties due to their morphology
and surface functional groups distribution.

Biochar is often generated from lignocellulosic biomass residue by applying a ther-
mal conversion technique, such as gasification, pyrolysis, torrefaction, carbonization, or
hydrothermal liquefaction [14,15].

Pyrolysis is a process of thermal degradation at a limited amount of oxygen and
the initial lignocellulosic material can be transformed into solid, liquid, and gaseous
products [16]. The pyrolysis-based technologies show great promise for converting lignin
and other wood components into biochemicals, biomaterials, and biofuels [17]. The process
can be divided into fast and slow pyrolysis, which give different yields of the desirable
products [18]. Arni [18] examines the yield of gaseous products during both fast and slow
pyrolysis of lignocellulosic feedstock (sugarcane bagasse). The findings are that the low
temperature is a better condition for producing methane other than hydrogen for both
processes, while high temperature aids in obtaining hydrogen.

Carbonization is a slow pyrolysis technology in which the processed biomass is heated
and turned into biochar after thermal decomposition under inert conditions [19].

The valorization of lignin can be performed via its chemical modification to obtain
bioactive derivatives, i.e., sulfated lignin, which has anticoagulant and antiplatelet activity
and can be used in the treatment of thrombotic disorders [20]. The authors optimize ex-
perimentally and numerically the process of sulfation of ethanol lignin birch wood with
a mixture of sulfamic acid and urea in a 1,4-dioxane medium. The aim is to characterize
the structure and thermochemical properties of the sulfated ethanol lignin. The findings
are that obtained sulfated birch ethanol lignin has properties for use in the production of
new sorbents, biocomposites, and nanomaterials, as well as in the development of new
anticoagulant and antiviral medicines. Kazachenko et al. [21] examined the effect of a type
of solid acid catalyst on the sulfation of wheat straw soda lignin with sulfamic acid in
a 1,4-dioxane medium, to elucidate the possibility of recycling and to examine the compo-
sition and structure of the obtained products. The conclusions are that the solid catalysts
used in the sulfation process cause hydrolysis reactions and reduce the molecular weight
and polydispersity index.

Hydrogenation is an efficient and reliable technology for lignin valorization, aiming to
diminish the difficulties, related to the extraction of its functional phenolic compound [22].
Abdullah et al. [23] present lignin hydrogenation as a depolymerization method, which
uses hydrogen as a reductant under mild conditions. The authors aim at obtaining aromatic
products with low oxygen content and increased products’ stability. The most critical
decision for such processes is the selection of suitable catalysts [24,25]. The phenolic
compounds can be increased using the catalytic liquefaction reactions, and such an example
is well described in [26], testing various bimetal selective catalysts and alcoholic solvents.

Currently, a great research effort is imposed to establish barely studied and effective
materials for the disposal of harmful/pathogenic elements or organisms in the air and
water environment. In this respect, activated carbon has emerged as promising material.
Activated carbon has been used for such purposes as a stand-alone material or as a carrier
of active ingredients. However, the requirements and regulations for its production are
continuously increasing, especially in terms of its porous texture. It is necessary to create
the structure with pores of a specific size, which would increase the material’s selectivity in
relation to certain components that need to be removed. Various types of feedstocks are
used to produce activated carbon. When waste matter is utilized, it reduces the feedstock’s
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cost and solves related environmental problems. In view of this, technically hydrolyzed
lignin (THL) is of particular interest because it is typically generated in large quantities as a
hardly utilized by-product of certain industrial processes. According to Shiraki et al. [27],
the concentrated sulfuric acid can completely swell and hydrolyze cellulose. The authors
consider the concentrated sulfuric acid hydrolysis as the most effective process capable
of recovering the maximum yield of monomeric sugars from woody biomass. Further,
they discuss the difficulties of utilizing the solid by-product (lignin) because of the self-
condensation between the lignin molecules under acidic conditions and propose a method
for lignin valorization using a unique additive, t-butyl alcohol. The results show unchanged
sugar yields along with a lignin yield higher than 40%. Thermoplastic lignin with good sol-
ubility is successfully recovered in acetone, and the method is foreseen as a new candidate
for implementation in sugar platform biorefineries.

The present work aimed at investigating a utilization path for industrial biomass
residue, namely technically hydrolyzed lignin (THL). In the area of Razlog, Republic of Bul-
garia, a 140-acre landfill of hydrolysis lignin residue is located. The THL had been deposed
outdoor for many years, and its total amount is evaluated to be about 350,000–400,000 tons.
This THL was formed as by-product of a high-temperature diluted sulfuric acid hydrolysis
of softwood and hardwood chips to sugars, which were further subjected to yeast fodder
production. The accumulated huge amount of THL releases different gaseous air pollutants
including greenhouse emissions. During the summer period, when the outdoor tempera-
ture significantly increases, this matter is also self-igniting. Therefore, the present case study
aims to propose a THL utilization method. This type of biomass residue is of potential harm
to the surrounding environment and population. For that purpose, the THL was carbonized
in a horizontal tube furnace (HTF) at a temperature range between 500 and 700 ◦C. The
experimental set up is described elsewhere [19,28]. The obtained biochar was chemically
characterized through a set of chemical and physical analyses [13,29–31]. The possible
biochar applications were discussed in line with the present European effort for circular
economy and climate change preservation (e.g., Regulation (EU) 2018/1999 and Directive
(EU) 2018/2001). The suggested methodology was based on a well-established technique
for THL thermal conversion and methods for the product’s characterization. It provides
the basis for detailed investigations nationwide on both optimized biomass conversion and
products utilization, thus reducing the negative footprint of the local biorefineries.

2. Results and Discussion
2.1. Effect of Carbonization Temperature on Biochar Yield and Its Chemical Composition

Several analytical methods were used (proximate, ultimate, ash, calorimetric, and
lignocellulosic analyses) to characterize both THL and biochar. The obtained results were
summarized in Table 1. Increasing the carbonization temperature led to significantly
reduced content of volatile organic compounds (from 40 to 96 wt. %) and increased fixed
carbon (from 2.11 to 3.68 times the FC wt. % in THL) and ash content. Farrokh et al. [32]
report similar effects. The authors examine lignin biochar produced at three different
temperatures (300, 500, and 650 ◦C). In addition, H- and O-content was considerably
reduced along with the N- and S-content, which for some samples was measured below
the detection limit. The results from the ultimate analysis are in accordance with [32,33].
However, the higher heating value (HHV) and the biochar yield slightly decreased with
increasing the carbonization temperature, due to the structural transformations in the
carbonization process, relevant to the chosen experimental conditions. The effect was
observed also in [34], concerning biochar samples, obtained at temperatures above 500 ◦C.
The results were in line with the investigations of [35]. The authors proved that increasing
the carbonization temperature and/or residence time often leads to lower biochar mass
yield and HHV.
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Table 1. Chemical characteristics of the samples.

Parameter Studied THL 2 Biochar 500 ◦C Biochar 600 ◦C Biochar 700 ◦C

Proximate analysis, wt. %

Volatiles, db 65.27 38.36 6.42 2.16
Fixed carbon, db 1 23.34 49.32 81.41 85.99
Moisture 7.78 4.98 3.74 3.48
Ash, db 3.61 7.35 8.00 8.37

Ultimate analysis, wt. %, db

C 55.54 76.70 83.72 85.39
H 7.10 3.5 2.65 1.64
N 0.26 - - -
S 0.74 0.05 0.05 -
O 1 24.97 7.42 1.84 1.12

HHV, db, MJ/kg 23.27 31.36 29.17 29.20

Lignocellulosic analysis, wt. %, db

Cellulose 25.5 - - -
Lignin 72.6 - - -
Mineral substances 2.8 - - -
Cellulose 25.5 - - -

Biochar mass yield, wt. % - 42.95 40.10 37.99
1 By difference; 2 Reported in [36].

The lignocellulosic analysis confirmed that during the diluted sulfuric acid hydrolysis
of the initial biomass, the hemicellulose was hydrolyzed and the THL became rich in lignin
and resistant to hydrolysis cellulose fraction.

The ICP-OES spectroscopy allowed determining the ash composition of THL and
its carbonized products. Table 2 summarizes the mean values from three independent
repetitions of each experiment. Except for Pb, Si, and Na, the rest of the elements were
concentrated in the biochar, showing significant temperature dependence. According
to [34], increasing the carbonization temperature might lead to the volatilization of some
metals. Expectedly, increasing the carbonization temperature led to a higher concentration
of most of the measured elements in the biochar, generated at 700 ◦C.

Table 2. Ash composition of THL and biochar.

Chemical Elements, g/kg THL Biochar 500 ◦C Biochar 700 ◦C

Al 1.329 4.045 4.860
Ba 0.069 0.135 0.132
Ca 1.790 3.937 4.267
Cu 0.028 0.047 0.049
Fe 0.362 0.729 0.807
Pb 0.002 <0.01 <0.01
Mg 0.142 0.324 0.354
Mn 0.010 0.020 0.025
K 0.378 1.330 1.458

Na 0.093 0.128 0.058
Sr 0.016 0.047 0.049
Zn 0.006 0.014 <0.01
Si 0.138 0.041 0.074
C <0.01 <0.01 <0.01
Ti <0.01 <0.01 <0.01
S 0.587 1.776 1.680

2.2. Thermal Analysis

Thermal stability analyses, such as Thermogravimetric (TG), Differential Thermal
Analysis (DTA), and Differential Scanning Calorimetry (DSC) are typically used to estimate
the processes of thermal degradation of biomass and its derivatives.
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Herein, simultaneous TG-DTA/DSC study was carried out, and the thermal conver-
sion of THL and biochar (derived at 500, 600, and 700 ◦C) was investigated along with
the effects of weight loss and thermal stability. The graphic interpretation of the TG-DTG-
DSC temperature dependence is illustrated in Figure 1. The following three global stages
were identified:

• Stage 1—Water vaporization was determined in the temperature range between room
temperature (RT) and 246 ◦C. Typical for this stage, an endothermic peak was ob-
served, which normally corresponds to the elimination of humidity, followed by broad
exothermal peaks.

• Stage 2—Devolatilization and dehydrogenation (of some hydroxides in the mineral
composition) took place in the following temperature range: 175 ÷ 900 ◦C.

• Stage 3—Fixed carbon combustion was observed at temperatures between 520 and 950 ◦C.
The TGA curves of biochar showed that this stage overlapped with stage 2.
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Figure 1. Thermal analysis of THL (a) and biochar, obtained at 500 ◦C (b), 600 ◦C (c), and 700 ◦C (d) in
dynamic heating mode (20 ÷ 1000 ◦C), and constant heating (10 K/min) and air flow (100 mL/min) rates.

The lignin decomposes slower and over a broader temperature range [37] in compar-
ison to cellulose and hemicellulose [38]. The effect is attributed to the specific thermal
stability of some oxygen-containing functional groups with scission occurring at lower
temperatures [39].

As expected, the present thermal analyses showed the occurrence of mostly exothermic
reactions. The DSC peaks coincided well with the appearance of the maximum mass
loss rates (Table 3). The peaks at higher temperatures were associated with the thermal
decomposition of both lignin and difficult to hydrolyze polysaccharides [38].
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Table 3. Thermal characteristics of the studied materials.

Stage Mass Loss Temperature at
Max Loss Rate

Max Mass
Loss Rate

Total Mass
Loss Heat Effect

No. wt. % ◦C %/min wt. % MJ/kg

THL

1 6.58 63.7 1.456
87.79 26.482 1.71 136.5 0.785

3 79.5 378.5 4.777

Biochar 500 ◦C

1 2.59 70.62 0.653
90.51 73.282 87.9 477.4 2.879

Biochar 600 ◦C

1 1.6 54.9 0.370
90.82 74.012 89.22 522.4 2.429

Biochar 700 ◦C

1 3.26 57.93 0.871
91.36 87.592 88.1 549.5 2.267

The complex decomposition of THL (see, e.g., its DTG curve in Figure 1 and Table 3)
resulted in at least five overlapped steps with maximum mass loss rate at 378.5 ◦C and
a long tail beyond 500 ◦C. Instead of one simple peak at 300 ◦C, the THL showed a
complex destruction process between 270 and 310 ◦C, which was related to cellulose
degradation [40].

The maximum mass loss rate of THL (4.78 %/min) was observed at 378.5 ◦C. This
behavior was related to the low cellulose content in the examined material (Table 1). The
THL thermal decomposition finishes at about 530 ◦C. The biochar degradation showed that
increasing the carbonization temperature broadened the interval to the total decomposition
from 835 ◦C (biochar, obtained at 500 ◦C) to 895 ◦C (biochar—at 700 ◦C) as well as increased
the peak temperature in the same order.

2.3. Fourier-Transform Infrared (FTIR) Spectroscopy

The effect of temperature on the functional groups of THL and its carbonized products
was studied also with FTIR spectroscopy (Figure 2). The FTIR spectrum of THL was influ-
enced by the higher content of lignin and polysaccharides. The wide band at 3400 cm−1,
belonging to the zone 3500–3100 cm−1, was due to the valence vibrations of alcoholic
(phenolic) and hydroxyl groups included in hydrogen bonds [41]. The intensive bands at
2931 and 2800 cm−1 referred to different types of valence vibrations of CH bonds in the
methyl and methylene groups. The band at 1710 cm−1, falling in the range 1600–1760 cm−1,
was characteristic of the vibrational oscillation of the group C=O in alkyl-aromatic ketones.
In particular, a ketocarbonyl group is typically supported by β-carbon atom of a propane
chain [42]. The bands at 1600 and 1509 cm−1 were associated with vibrations of aromatic
nuclei [43]. The bands at 1459 cm−1 and 1382 cm−1 denote deformation vibrations of
CH in the methyl and methylene groups, while the band at 1155 cm−1 referred to C-O-C
asymmetric vibrational oscillation in ether groups. Further investigation of the THL–FTIR
spectrum attributed the 862 cm−1 band to deformation vibrations of the CH bonds in
a three-substituted aromatic nucleus, and the one at 771 cm−1 was due to deformation
vibrations of the CH bonds in a mono-substituted aromatic nucleus [43].

The FTIR spectra of biochar proved that their functional groups were gradually lost
with increasing the carbonization temperature, where the role of the polycyclic aromatic
structures was significant [34]. This conclusion is in line with the observations, reported
by [44]. The authors discussed that such results are helping to explore the applicability
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of different types of biochar for the immobilization of specific environmental pollutants,
carbon sequestration, etc.
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Figure 2. FTIR spectrum of THL (a) and the biochar, derived at 500 ◦C, 600 ◦C, and 700 ◦C (b).

The band at 3443 cm−1 referred to O–H stretching of H-bonded hydroxyl groups, while
the one at 2870 cm−1 was ascribed to symmetric C–H stretching of aliphatic hydrocarbon
(e.g., from the propane chain of the monomer units in lignin). The band at 1695 cm−1

referred to C=O stretching vibrations of alkyl-aromatic ketones, whereas the bands at
1600 cm−1 and 1430 cm−1 were connected with C=C stretching vibrations of aromatic
components. The results correspond well with Li et al. [45]. A similar observation is
reported by Wang et al. [46] reporting the split of the phenolic groups at temperatures
above 500 ◦C. The bands at 870 cm−1, 811 cm−1, and 757 cm−1 were due to C–H bending
vibrations from three-substituted, di-substituted, and mono-substituted aromatic nuclei,
respectively [43]. The band at 1191 cm−1 was attributed to C–O–C symmetric stretching
vibrations in ester groups, while the bands, detected between 870 cm−1 and 675 cm−1 were
associated with C–H bending vibrations [45].

2.4. Surface Area and Pore Volume

The evaluation of the specific surface area of the THL and biochar was carried out by
adsorption of nitrogen at −196 ◦C. Nitrogen adsorption–desorption isotherms were used to
calculate the specific surface area using the BET equation [13]. The results are summarized
in Table 4 and Figure 3.

Table 4. Basic adsorption-textural parameters of THL and biochar.

Sample SBET, m2/g Vt, cm3/g VMI, cm3/g DAV, nm SMI, m2/g SEXT, m2/g

THL 4 0.03 - 28 - -
Biochar 600 ◦C 378 0.19 0.10 2.0 267 111
Biochar 700 ◦C 430 0.17 0.13 1.6 383 47

The isotherm of THL is of type II, according to IUPAC classification, evidencing the
material is nonporous or microporous (Figure 3). The hysteresis loop is of type H3, which
could be attributed to aggregates of plate-like particles giving rise to slit-shaped pores.

The isotherms of the samples of biochar are of type I, indicating that the micropores
were dominating the textural properties of the biochar derived at 600 and 700 ◦C. The
hysteresis loop of H4 type herein started at relatively higher pressure, due to which
two types of pores were considered: mesoporous and microporous. The H4 loop is often
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attributed to narrow slit-like pores. The hysteresis loops do not close for the biochar samples,
derived at 600 and 700 ◦C. This could be due to hindered evaporation of the trapped
nitrogen because of the heterogeneous coal surface or ink-bottled pores [47,48]. These
results were confirmed by the specific surface area estimations. The BET equation, used for
determining the surface area, was applied in the interval of relative pressure (P/Po) between
0.05 and 0.35, considering partial surface occupation. The BET surface area obtained in the
present work is in line with the data reported in earlier investigations of Wang et al. [46] on
the characterized biochar, produced from (bamboo and elm) woody residue, pyrolyzed
at 500 or 700 ◦C. They confirm that increasing the carbonization temperature results in
an increased BET surface area. Similar temperature dependence was reported also by
Shaaban et al. [49] in their characterization of biochar, derived during slow pyrolysis
of rubber wood sawdust (300–700 ◦C). The pore size distribution was also plotted for all
examined biochar samples and generally confirmed the results for the porous texture, which
were deduced from the adsorption isotherms. The adsorption isotherms of the samples
obtained at 500 ◦C denote that the formation of micropores began at this temperature but
the mesopores dominated over the micropores. The biochar, obtained at 600 and 700 ◦C
showed a narrower interval of pore-diameter variations (1 ÷ 2 nm). Thus, an opportunity
is foreseen for selective adsorption of molecules, having particular size and/or chemical
structure, typical for some microporous adsorbents.
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Figure 3. (a) Nitrogen adsorption–desorption isotherms and pore size distribution of (b) biochar—
500 ◦C and (c) biochar—600 and 700 ◦C.
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3. Materials and Methods
3.1. Feedstock Origin

The investigated THL was a typical example of industrial biomass residue, derived
during high-temperature diluted sulfuric acid hydrolysis of softwood and hardwood chips
to sugars. In order to develop an efficient biomass processing technology, it is crucial to
understand its characteristics and decomposition behavior. Herein, the THL was carbonized
at well-controlled conditions.

3.2. Experimental Equipment

The THL was carbonized in HTF (Figure 4) at atmospheric pressure and at three
different temperatures, 500, 600, and 700 ◦C. The residence time of a single sample within
the reaction zone was one hour [19]. The carbonization process was carried out in inert
atmosphere (nitrogen), with nitrogen flow rate of 1 L/min, and heating rate of 24 ◦C/min.
The HTF was thoroughly described elsewhere [28].
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At the end of the process the crucibles, containing biochar, were covered and tempered
in a desiccator for at least an hour. Then, the samples were weighed with an analytical
balance. Thus, the biochar mass yield was obtained according to the following equation:

Biocharmassyield =
mass o f biochar (g)
mass o f THL (g)

·100, wt.%, (1)

3.3. Feedstock and Biochar Characterization

The feedstock (THL) and the obtained biochar were chemically characterized through
proximate, ultimate, ash, lignocellulosic, and calorimetric analyses. The lignocellulosic
composition of the THL was determined according to the following methods: cellulose [29]
and lignin [30].

The ultimate analysis (C, N, S, and H) of all types of samples was performed with an
Elemental Analyzer Eurovector EA 3000.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was applied
for the ash analysis of both THL and its carbonized products. The analysis was per-
formed by pre-acid decomposition, and the elemental content was evaluated by Prodigy
High Dispersion ICP-OES, Telledyne Leeman Labs using US and BDS EN ISO 11885:2009
Standard [31].

In the present work, simultaneous thermal analyses were carried out with STA PT
1600 TG-DTA/DSC analyzer (LINSEIS Messgeräte GmbH, Germany) in dynamic heating
mode from room T (RT = 20 ◦C) to 1000 ◦C, with constant heating (10 ◦C/min) and air flow
rates (100 mL/min) and in static oxidizing conditions (still air).

The biochar was examined through Fourier-transform infrared (FTIR) spectroscopy, as
well as thermal and nitrogen physisorption analysis. The FTIR spectroscopy was carried
out using Varian 660 IR spectrometer. The infrared spectra were collected in the mid-
infrared region (4000–400 cm−1). The samples were prepared by the standard KBr pellets
method. The specific surface area of the biochar was determined by low-temperature
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(77.4 K) nitrogen adsorption in a Quantachrome Instruments NOVA 1200e (USA) apparatus.
Before the analyses, the samples were outgassed (argon) at 120 ◦C for 16 h in a vacuum. The
nitrogen adsorption–desorption isotherms were used to evaluate the following parameters:
the specific surface area (SBET) was determined through the Brunauer, Emmett, and Teller
(BET) equation [13]; the total pore volume (Vt) was estimated in accordance with the
Gurvich rule at a relative pressure close to 0.99; the volume of the micropores (VMI) and
the specific surface area connected to micropores (SMI), as well as the external specific
surface area (SEXT), were evaluated according to V–t-method; additionally, the pore size
distributions (PSD) were calculated by equilibrium nonlocal density functional theory
(NLDFT) method using slit shape kernel for carbons.

4. Conclusions

In the present study, technically hydrolyzed lignin was utilized, and the effect of
carbonization temperature on the physicochemical properties of biochar was experimentally
measured. Increasing the carbonization temperature (500 ÷ 700 ◦C) led to the following
general conclusions, in view of which the possible use of biochar was proposed, as follows:

• The biochar mass yield slightly decreased with increasing the carbonization tempera-
ture. The chemical characterization showed biochar with gradually reduced content
of volatile matter, between 40 and 96 wt. % in contrast to THL. The fixed carbon
content was increased from 2.11 to 3.68 times the wt. % of fixed carbon in the THL,
along with slightly increased ash content. Besides Pb, Si, and Na, most of the elements
showed increased concentration in the biochar ash, with increasing the carbonization
temperatures. As expected, the ultimate analysis showed significant increase in the
C-content, but considerably reduced H- and O-composition, whereas the reduction
of the N- and S-content in the high-temperature biochar showed values below the
detection limit. This suggested possible biochar application as solid biofuel as well as
for soil amendment (e.g., as compensatory fertilizer for trace elements) as discussed
in [50].

• The textural analysis (FTIR spectroscopy) showed that the functional groups were
gradually lost thus, forming materials characterized merely by polycyclic aromatic
structures and high condensation rate.

• The results from the nitrogen physisorption analysis along with those from the FTIR
spectroscopy suggested that the proposed utilization technology of THL (specifi-
cally the carbonization at 600 and 700 ◦C) produced biochar, having the properties
typical for the microporous adsorbents, which allows for selective adsorption of spe-
cific molecules. Based on the latest observations, another possible application was
assumed—as a catalyst.

The perspective proposed herein for THL covers a narrow line of opportunities gener-
ally based on the applied conversion technique and characterization methods. According
to Ramos et al. [51], at present, about 60% of the lignin (obtained often by kraft pulp-
ing) is utilized for heat and chemicals in large-scale industries. The authors summarized
earlier investigations on lignin utilization where depending on the chosen conversion
process [52] lignin can be converted to a great variety of valuable chemicals and mate-
rials, such as: (a) hydrocarbons, phenols and catechols, benzylic aldehydes, quinones,
alkyl benzenes, bio-oil, carbon fibers [53]; (b) activated carbon and polymeric materials
such as phenol-formaldehyde resins, which is precursor for carbon fibers production [54];
(c) highly functionalized molecules, such as phenolic aldehydes, phenolic ketones, phenolic
acids, and many others [20,51].

In view of the extensive research carried out during the last decades and the current
legislation framework, it is more than ever time to stimulate the Member States to consider
deposited lignocellulosic residue as a valuable resource of goods, which least existence is
the natural degradation and the related environmental concern.
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Abstract: The present study focuses on using apricot seeds shells and walnut shells as a potential
renewable material for biorefinery in Ukraine. The goal of the research work was to determine
the relationship between the chemical composition of solid residues from biomass after acid pre-
treatment with H2SO4, alkaline pretreatment with NaOH, and a steam explosion pretreatment and
the recovery of sugars and lignin after further enzymatic hydrolysis with the application of an
industrial cellulase Cellic CTec2. Apricot seeds shells and walnut shells consist of lots of cellulose
(35.01 and 24.19%, respectively), lignin (44.55% and 44.63%, respectively), hemicelluloses (10.77% and
26.68%, respectively), and extractives (9.97% and 11.41%, respectively), which affect the efficiency
of the bioconversion of polysaccharides to sugars. The alkaline pretreatment was found to be more
efficient in terms of glucose yield in comparison with that of acid and steam explosion, and the
maximum enzymatic conversions of cellulose reached were 99.7% and 94.6% for the solids from the
apricot seeds shells and the walnut shells, respectively. The maximum amount of lignin (82%) in
the residual solid was obtained during the processing of apricot seed shells submitted to the acid
pretreatment. The amount of lignin in the solids interferes with the efficiency of enzymatic hydrolysis.
The results pave the way for the efficient and perspective utilization of shells through the use of
inexpensive, simple and affordable chemical technologies, obtaining value-added products, and thus,
reducing the amount of environmental pollution (compared to the usual disposal practice of direct
burning) and energy and material external dependency (by taking advantage of these renewable,
low-cost materials).

Keywords: biorefinery; enzymatic hydrolysis; lignin; pretreatment; sugars

1. Introduction

Global population growth is associated with an increasing demand for energy re-
sources. In this regard, the use of oil is growing every year [1]. As a fossil energy source,
the use of oil presents both environmental and availability concerns, making the search
for unconventional alternative energy sources necessary. Renewable, lignocellulosic ma-
terials such as forest, agricultural, and agroindustrial residues constitute prominent ex-
amples of those potential energy sources. Contrary to fossil energy sources, renewable
sources are spread all over the world, and their use does not increase the net greenhouse
gases emissions.
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In addition to energy, the chemical composition of these materials can be used, through
different fractionation and conversion schemes, to obtain a wide range of bio-based prod-
ucts that can be substituted for their similar ones currently derived from fossil sources.
Biofuels such as bio-oil, biochar, non-condensable gases, and bioethanol can be obtained
from different types of biomasses via thermal, thermocatalytic, and biological conver-
sion [2]. Ethanol is regarded as the most attractive and clean fuel, and it can be used in
combustion engines [3]. First- and second-generation biofuels are obtained mainly from
renewable plant materials. Food crops, e.g., wheat [4], corn [5], sugarcane [6], etc., are the
main materials for first-generation biofuels, while lignocellulosic materials, e.g., inexpen-
sive wastes of food and non-food industries, can be used for the biochemical processing into
second-generation biofuels [7,8]. The growing interest in the development and application
of new goods and materials, chemicals of an aromatic nature, and energy and fuels from
renewable vegetable wastes can be observed worldwide [9–11] due to their widespread
availability and low cost.

Different technologies, including hydrolysis, extraction, pyrolysis, and chemical mod-
ifications have been recently reviewed to summarize the progress on the production of
value-added products such as polymers, bioactive compounds, and bioplastics, among
others, starting with biomass and waste feedstocks [12].

Another way of converting lignocellulosic materials into useful products is the bio-
chemical rout, which includes processing via a pretreatment, the enzymatic hydrolysis
of the resulting solid, and the fermentation of hydrolysates. This procedure allows us to
converse the polysaccharide component of the lignocellulose into biofuels and to obtain
lignin as a residue [13]. In spite of the recent acquisition of knowledge about the biocon-
version processes, it is still necessary to study the processes of biochemical conversion for
individual plant materials because much of it is still not fully understood. For instance,
the resistance of carbohydrates to degradation by enzymes (the so-called recalcitrance
effect), which is closely related to the presence of extractives of a different nature and
lignin [14,15], the amount of which in the biomass depends on its type and the growing and
harvesting conditions, as well as many other factors. Pretreatment is an important stage
before biological conversion, which allows it to partially overcome biomass recalcitrance.
The main task of any pretreatment of biomass is the mitigation of the recalcitrance and
increase in the accessibility of cellulose [16]. Even though many researchers have worked
on developing different methods, including a mechanical one [17], extraction with organic
solvents [18], a hydrothermal one [19], a dilute acid one [20], and an alkaline one [21], most
of these papers are related to the study of the sugar yield without considering the structural
changes of each biomass constituent, including lignin.

The most typical methods for raw materials pretreatment before enzymatic hydrolysis
are an acid pretreatment with the application of diluted sulfuric acid at a concentration of
1%, an alkaline pretreatment with the application of 15% sodium hydroxide solution, and
also, a steam explosion pretreatment [22–24].

The great advantage of lignocellulosic waste, including agricultural waste, is its wide
distribution throughout the earth, rather than the specific locations of fossil energy sources
such as oil. This means that the number of raw materials that can be used is very large.
Among the different agricultural residues, those derived from the cultivation of apricots
and walnuts, specifically the shells, have been studied only in a limited way up to now.
Ukraine is an agro-industrial country, which annually produces a huge amount of plant
wastes from the agricultural and forestry industries. According to FAO [25], during the
period 2017–2021, the average production in Ukraine of apricot seed shells was 81,666 tons,
and that of walnut shells was 111,088 tons, representing 8.32 and 32.74% of the European
production total, as well as a disposal problem. That is why these materials were chosen as
raw materials for the experimental work. Agricultural residues and forestry wastes are a
lignocellulose complex [26,27] which does not have further industrial applications. Most of
these residues are burned, which causes significant damage to the environment. However,
their sugar composition indicates great potential for chemical processing. It is promising,
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from an economic point of view, to develop efficient methods to utilize them and obtain
valuable materials, chemicals, and fuels [28,29].

As it is known, the lignocellulosic biomass is composed of cellulose, hemicelluloses,
and lignin in different proportions. Lignin is composed of a heterogeneous polymer of
phenyl-propane, and it has a recalcitrant and complex nature due to it having strong bonds.
The effect of lignin on the release of sugars during the enzymatic hydrolysis of pretreated
biomass has been widely studied especially because of the inhibition of enzyme action; in
general, two strategies to separate the lignin fraction can be performed, depending on the
pretreatment applied. On the one side, lignin can be obtained as the first fraction following
an alkaline pretreatment [30] or it can constitute the solid residue after the fractionation of
hemicellulose and conversion of cellulose into glucose. A delignification of biomass can
improve the saccharification yield [31].

The aim of the of present research work was to assess the impact of the acid, alkaline,
and steam explosion pretreatments of apricot seeds shells and walnut shells on the efficiency
of enzymatic hydrolysis with an industrial cellulase Cellic CTec2 enzyme complex for the
recovery of sugars and lignin, which are products used by a biorefinery in Ukraine.

2. Results and Discussion
2.1. Raw Material Composition

The chemical compositions of the initial apricot seed shells and walnut shells are given
in Table 1. The analysis of the apricot seed shells composition showed that they contain
less extractives compared to those in walnut shells. The amount of cellulose in the apricot
seed shells is higher than it is in walnut shells, but the walnut shells are composed of a
higher proportion of hemicelluloses. The amount of cellulose in the apricot seed shells
agrees with data presented by other scientists, who gave a value of 34.31% [32]. Most of
the glucoses are related to cellulose. The amount of xylose is the highest among all of
the low-molecular-weight polysaccharides, and it is 9.41% and 24.13% for apricot seed
shells and walnut shells, respectively. Both of the plant materials are composed of a high
percentage of lignin (44.5 and 44.6% dry weight). Acid-insoluble lignin makes up 44.4
and 44.5% of the total lignin, with the rest being acid-soluble lignin. The amount of ash in
the studied materials is lower than 0.5%. The amount of acetyl groups in walnut shells is
higher than that of apricot seed shells.

Table 1. Chemical composition of apricot seed shells and walnut shells (% dry weight).

Components Apricot Seed Shells Walnut Shells

Extractives 9.97 ± 0.51 11.41 ± 2.23

Cellulose 35.01 ± 0.42 24.19 ± 0.68

Hemicellulose
Xylan

Galactan
Arabinan
Mannan

10.77 ± 0.14
8.33 ± 0.09
1.28 ± 0.05
1.16 ± 0.02

-

25.68 ± 1.70
21.35 ± 1.83
2.78 ± 0.07
1.55 ± 0.01

-

Lignin
Acid-Soluble Lignin

Acid-Insoluble Lignin

44.55 ± 1.05
1.12 ± 0.01
43.43 ± 1.04

44.63 ± 1.01
1.14 ± 0.01

43.49 ± 1.00

Ash
Acid-insoluble ash

0.23 ± 0.01
-

0.37 ± 0.01
0.12 ± 0.00

Acetyl groups
Acetic acid

0.85 ± 0.02
1.21 ± 0.03

3.87 ± 0.09
5.53 ± 0.12

Compared to the data provided by Queirós et al. [33], the amount of the sugars in
the walnut shells are quite similar, while the other components are a little bit different.
Compared to the chemical composition of walnut shells reported by other scientists [34],
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the difference in the amount of the main components is significant. Such differences can
be related to the differences in the plant variety, growth conditions, climate, soils, and
other factors.

2.2. Effect of Pretreatment on Solid Recovery

Hemicelluloses contribute to biomass recalcitrance as they cover and protect cellulose
fibrils from enzymatic destruction [35]. An acid pretreatment of biomass with diluted
sulfuric acid is an efficient means to solubilize low-molecular-weight polysaccharides. At
the same time, an alkaline pretreatment is one of the most attractive techniques for the
biomass’ preparation for further enzymatic hydrolysis because of its high selectivity for
lignin separation [36]. The steam explosion pretreatment is regarded as an alternative
and environmentally friendly technique that can be used to reduce biomass recalcitrance,
resulting in desirable cellulose accessibility [37]. It happens due to the fact that saturated
steam heats the lignocellulosic biomass and releases pressure, causing the cleavage of fibers.
Additionally, the removal of extractives and the partial solubilization of hemicellulosic
constituents is observed.

The effect of the raw materials pretreatments with 1% H2SO4 at 180 ◦C in an agitated
tank reactor and with 15% NaOH at 180 ◦C in agitated tank reactor and with the application
of steam explosion for solid recovery is shown in Figures 1 and 2. Table 2 shows the results
of the acid, alkali, and steam explosion (180 ◦C, 10 min) pretreatments in terms of solid
characterization, e.g., sugars contents.
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Table 2. Solid characterization after acid, alkaline, and steam explosion pretreatment of shells.

Material
Sugars Content (%) Acid-Insoluble

Ash (%)Glucan Xylan Galactan Arabinan Mannan

Acid pretreatment

Apricot seed
shells 27.43 ± 0.29 - - - - -

Walnut shells 30.30 ± 0.64 0.90 ± 0.06 - - - 0.05 ± 0.00

Alkaline pretreatment

Apricot seed
shells 75.58 ± 1.14 3.59 ± 0.28 - - - -

Walnut shells 73.38 ± 1.58 5.57 ± 0.09 - - - -

Steam explosion pretreatment

Apricot seed
shells 32.32 ± 0.64 7.75 ± 0.29 0.57 ± 0.09 - - -

Walnut shells 24.35 ± 0.12 23.25 ± 0.39 2.58 ± 0.06 1.24 ± 0.05 - -

The pretreatment of apricot seed shells and walnut shells with 1% H2SO4 at 180 ◦C
in an agitated tank reactor caused the removal of 37.54% and 50.35% by weight from raw
material, respectively, and resulted in the formation of solids with more lignin, while the
amount of cellulose is still high (based on glucose content, it is greater than 30%), but it is
slightly lower than it was in the initial material. Lignin and cellulose were less solubilized,
thus both of the components are the major constituents in the solid. Similar results in
terms of solid recovery were obtained by Benjamin et al. [38] during a bagasse sugarcane
pretreatment with diluted acid: the solid recovery ranged from 50.1% to 76.5% depending
on the parameters of the process. A high solid recovery value after the acid pretreatment
was obtained for the apricot seed shells. This may be due to there being more cellulose in
the initial biomass.

The loss of 76.79% and 79.5% of the mass during the alkali pretreatment of the apricot
seed shells and walnut shells with 15% NaOH at 180 ◦C in an agitated tank reactor, respec-
tively, is related to delignification. The amount of lignin in the solids was 6.7 and 2.8 times
lower in comparison with those of the initial apricot seed shells and walnut shells, respec-
tively. Under the same conditions, the apricot seed shells were more easily delignified than
the walnut shells were. The corn stover alkaline pretreatment resulted in the dissolution of
50% of the hemicellulose and of 60–80% of the lignin [39]. The reduction in lignin content to
9.50% and to 10.88% is also observed during corncob and sweet sorghum bagasse alkaline
pretreatment [40]. It is expected that lignin removal will have a positive effect on biomass
enzymatic degradation as the presence of lignin in the raw materials limits the enzymatic
hydrolysis by impeding the cellulose accessibility [41]. As it can be seen, the removal of
the non-cellulosic components of a polysaccharide nature also took place, resulting in the
full removal of galactose, arabinose, and mannose and the partial removal of xylose. The
removal of ash was observed.

The analysis of the solids after the alkaline pretreatment indicated that they contained
a high percentage of cellulose (based on the glucose content, it was greater than 80%). It is
expected that the cellulose in the solids after the alkaline pretreatment of the raw materials
will most effectively transform into glucose.

According to the obtained results, the steam explosion pretreatment produced a
minimal effect on the amount of glucose of both the apricot seed shells and walnut shells.
The dissolution of part of low-molecular-weight polysaccharides took place. As it can
be seen, the amount of dissolved hexoses, pentoses, and oligosaccharides was higher in
liquid after the steam explosion pretreatment of the walnut shells due to their higher initial
biomass in comparison with that of the apricot seed shells. The effect of the steam explosion
pretreatment is not uniform with the amount of lignin in the pretreated materials. That of
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apricot seed shells increased probably due to reactions of condensation between the lignin,
extractives of a different nature, and products of the sugar degradation [42], which agrees
with experimental results of other studies [43,44]. At the same conditions, the amount of
lignin in the walnut shell solid decreased; the same fact was observed during the steam
explosion of spruce bark [45] and corn stalks [46]. Such differences in the behavior of lignin
can be associated with the fact that steam explosion can cause the melting of lignin, and its
partial depolymerization occurs through the cleavage of mainly ß-O-4 ether, resulting in
the formation of alcohol derivatives, as well as condensation byproducts, the amount and
composition of which largely depends on the type of feedstock [47].

2.3. Effect of Pretreatment on Hydrolysate Characterization

The effect of raw materials pretreatment with 1% H2SO4 at 180 ◦C in an agitated tank
reactor and with the application of steam explosion on the hydrolysate composition is
shown in Table 3. Hydrolysate after the alkaline pretreatment could not be analyzed because
of the large amount of soluble and suspended substances that could not be recovered by
centrifugation and membrane filtration.

Table 3. Hydrolysate characterization after acid and steam explosion pretreatment of raw materials.

Composition
Acid Pretreatment Steam Explosion Pretreatment

Apricot Seed Shells Walnut Shells Apricot Seed Shells Walnut Shells

Hemicellulosic sugars
recovery (%) 4.21 10.91 2.02 5.24

Glucose recovery (%) 37.16 35.67 0.02 3.52

Sugars content (g/L)
Glucose 27.86 ± 0.08 18.98 ± 0.07 0.02 ± 0.00 0.68 ± 0.01
Xylose 1.35 ± 0.02 6.33 ± 0.02 0.08 ± 0.00 0.21 ± 0.01

Galactose 0.17 ± 0.00 1.55 ± 0.01 0.10 ± 0.00 0.46 ± 0.01
Arabinose - 0.19 ± 0.00 0.02 ± 0.00 0.82 ± 0.01
Mannose 0.17 ± 0.00 - - -

Inhibitors (g/L)
Formic acid 2.45 ± 0.01 1.96 ± 0.02 1.42 ± 0.01 1.87 ± 0.02
Acetic acid 2.91 ± 0.01 9.92 ± 0.03 2.16 ± 0.02 1.59 ± 0.01

Furfural 3.74 ± 0.02 9.74 ± 0.03 0.00 ± 0.00 0.02 ± 0.00
Hydroxymethylfurfural 1.47 ± 0.01 1.06 ± 0.01 0.06 ± 0.00 0.11 ± 0.00

Levulinic acid 3.31 ± 0.02 2.05 ± 0.02 0.31 ± 0.01 0.16 ± 0.01

As it can be seen, high glucose concentrations in the liquids after the acid pretreat-
ment were obtained, which indicates a partial degradation of the cellulose during such a
pretreatment. The amount of hemicellulosic sugars recovered in the liquids after the acid
pretreatment (in form of monosaccharides) of both of the raw materials is much lower
compared to those of other agricultural residues; for instance, the hemicellulosic sugars
recovered after an olive tree pruning biomass pretreatment with diluted sulfuric acid
was 78.5% [48]. The amount of recovered sugar in the liquid fractions obtained from the
steam explosion pretreatment was very low, as can be seen in Table 3. A small amount
of sugars recovered from the apricot seed shells and walnut shells is attributed to the
complete depolymerization of hemicelluloses fraction into soluble monosaccharides and
low-molecular-weight compounds during the acid pretreatment with 1% H2SO4 at 180 ◦C.
Part of the acetyl groups in the hemicelluloses were cleaved, leading to the formation of
acetic acid. Additionally, the formation of organic acids, such as formic and levulinic, as
well as furfural and hydroxymethylfurfural, is detected as the result of monosaccharide
degradation [49]. The amount of xylan, which is the largest constituent part of hemicel-
luloses, is the main indicator of the acid hydrolysis pretreatment. As it can be observed,
xylan virtually disappeared in both of the raw materials when they were subjected to the
acid pretreatment (Table 2).
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Table 3 shows that liquid after the walnut shells acid pretreatment contained more
inhibitors, which are the products of sugar degradation. The analysis shows that the liquid
after the walnut shells pretreatment contained a high percentage of furfural and acetic acid
(9.74 and 9.92% dry weight, respectively). Concerning the apricot seed shells, the liquid
after the acid pretreatment contained far fewer inhibitor compounds due to the lower
amount of hemicelluloses in the initial biomass.

The resulting liquid after the steam explosion pretreatment contained fewer inhibitors,
indicating the preservation of sugars in the biomass.

2.4. Enzymatic Hydrolysis

The pretreated solids were submitted to enzymatic hydrolysis with the industrial
cellulase complex called Cellic CTec2, and the effects of time on the efficiency of the process
for the different solids were compared (Figure 3).
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Figure 3. Effect of time on glucose yield during enzymatic hydrolysis of pretreated apricot seed shells
(a) and walnut shells (b): 1—after acid pretreatment; 2—after alkaline pretreatment; 3—after steam
explosion pretreatment.

As expected, the cellulose hydrolysis yields increased with an increasing duration of
the process for all of the samples, except for the solid after the alkaline pretreatment of the
walnut shells, for which the maximum efficiency of hydrolysis was achieved in the first
24 h of contact, and a further increase in time almost did not lead to its change. As it can
be seen, the alkaline and acid pretreatments are more efficient at increasing the yield of
glucose than the steam explosion is. For the both of the samples of solids after the steam
explosion pretreatment of the apricot seed shells and walnut shells, the maximum yields of
glucose did not exceed 10 and 20%, respectively, while the yields for the solids after the
acid pretreatment did not exceed 60 and 35%, respectively.

Maximum glucose yields (99.7% and 94.6%) from the solids were achieved with in-
dustrial cellulase enzymatic hydrolysis after the alkaline pretreatment of the raw materials.
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Hemicellulose removal and lignin removal from the raw materials during the acid and
alkaline pretreatments probably created additional pores and sites in the biomass available
for cellulolytic enzymes, which affected the cellulose. The effect is most pronounced with a
low lignin content [50].

2.5. Solid Characterization after Enzymatic Hydrolysis

The maximum amount of lignin (82%) was achieved during the enzymatic hydrolysis
of the solid after the acid pretreatment of the apricot seed shells due to the greater amount
of lignin in the solid before the process (Figure 4a). In the case of walnut shells, the highest
lignin values in the solids after enzymatic hydrolysis are around 70% for the cases of the
acid and alkaline pretreated solids (Figure 4b). Samples subjected to 72 h of enzymatic
hydrolysis were further analyzed.
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Figure 4. Effect of time of the process on amount of acid-soluble lignin in solids after hydrolysis of
materials based on apricot seed shells (a) and walnut shells (b): 1—solid after acid pretreatment;
2—solid after alkaline pretreatment; 3—solid after pretreatment with steam explosion.

According to Figure 4, the effect of time on the amount of acid-soluble lignin is limited,
except for the apricot seed shells submitted to the alkaline pretreatment; in this case, an
increase over time is observed. On the contrary, the amount remains virtually the same for
the other pretreatments with this raw material and also for walnut shells in all of the cases.

The FTIR spectra of all of the samples are characterized by the presence of different
peaks for both the aromatic and polysaccharide components, but their intensities vary
(Figure 5). The peaks between 3600–3000 cm−1 are presented in all of the spectra, and
they are caused by the OH stretching vibration. The peaks between 2945–2855 cm−1 are
attributed to C-H stretching vibration in all of the studied materials. The peaks at 1648,
1431, 1417, 1375, 1165, 1060, and 897 cm−1 are related to polysaccharides. The bands at
1605, 1509, and 1425 cm−1 correspond to the aromatic skeleton vibrations of lignin. Solids
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obtained thorough the alkaline pretreatment of the shells are characterized by an absence
of bands at 1509 and 1425 cm−1 due to delignification. The bands at 1509 and 1425 cm−1

related to lignin become more intense in the sample obtained after the enzymatic hydrolysis
of the solids after the steam explosion and acid pretreatment, and they also show that
there is more lignin in these samples. The peak at 1249 cm−1 is related to C=C bonds in
the lignin aromatic rings and C-O-C stretching in the hemicelluloses. This peak is less
pronounced in the pretreated solids, which indicates the removal of hemicelluloses. The
main difference between the FTIR spectra of the initial materials, the pretreated solids, and
the solids after the hydrolysis is the increase in the intensity of the bands related to lignin
(1509 and 1425 cm−1), which confirms that the resulting solids contain a large amount
of lignin.
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Figure 5. FTIR spectra for initial, pretreated and hydrolyzed apricot seed shells (a) and walnut shells
(b): 1—initial materials; 2–4—solids, alkaline and steam explosion pretreatment, respectively; 5–7—
respective solids after enzymatic hydrolysis with industrial cellulase Cellic CTec2 enzyme complex.

The samples were analyzed using temperature-programmed desorption mass spec-
trometry (TPD-MS). An analysis of the P/T curves of the pressure of the volatile pyrolysis
products against the temperature of the sample shows significant differences from the
behavior of the P/T curves for the studied samples depending on both the type of biomass
and the type of pretreatment, as shown in Figure 6.
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Figure 6. P/T curves of vapor pressure of gaseous products measured at temperature of pyrolysis:
solids after hydrolysis of materials based on apricot seed shells (N1–3) and walnut shells (N4–6): 1
and 4—solid after alkaline pretreatment; 2 and 5—solid after acid pretreatment; 3 and 6—solid after
pretreatment with steam explosion.
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A comparison of P/T curves for the apricot samples shows that the highest intensity of
the desorption of pyrolysis products is observed for the sample after the pretreatment with
a steam explosion (Figure 7). In this case, the intensity of the peak of desorption of pyrolysis
products increases most significantly at a temperature of Tmax~300 ◦C. The intensity of this
TPD peak for the sample apricot seed shells after the pretreatment with steam explosion is
2–3 times higher than the intensity for the samples after the acid and alkaline pretreatments.
The same pattern is observed for the materials based on the walnut shells (Figure 8).
Probably, such a treatment leads to the efficient depolymerization of lignocellulose.
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Figure 7. P/T curves of vapor pressure of gaseous products measured at temperature of pyrolysis:
solids after hydrolysis of materials based on apricot seed shells: N1—solid after alkaline pretreatment;
N2—solid after acid pretreatment; N3—solid after pretreatment with steam explosion.
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Figure 8. P/T curves of vapor pressure of gaseous products measured at temperature of pyrolysis:
solids after hydrolysis of materials based on walnut shells: N4—solid after alkaline pretreatment;
N5—solid after acid pretreatment; N6—solid after pretreatment with steam explosion.

The P/T curve has overlapping peaks that correspond to the release of gaseous
products due to thermal transformations of individual components of lignocellulose—
hemicellulose, cellulose, and lignin. Decomposing the P/T curve into separate Gaussians
makes it possible to identify the main stages of pyrolysis at 81, 198, 309, 348, and 615 ◦C,
etc., (Figure 9).
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Figure 9. Deconvolution of the P/T curve for the solid based on apricot seed shells after alkaline
pretreatment into separate Gaussians. Cellulose: apricot seed shell ; walnut shell ; hemicellu-
lose: apricot seed shell ; walnut shell . In addition, the ion with m/z 60 ([H2C=C(OH)2]+) is
the most intense one in the mass spectrum of acetic acid. Hemicellulose pyrolysis is accompanied by
the intensive desorption of acetic acid due to the elimination of acetyl groups. Therefore, according
to the intensity of peaks on the TPD curve for the ion with m/z 60 at ~200 ◦C (150–250 ◦C), one can
identify the relative amount of hemicelluloses in the biomass samples, and according to the intensity
of the peak at ~300 ◦C (250–350 ◦C), one can identify the relative amount of cellulose, as shown in
Figures S1–S6 (see SM file). The TPD MS data are in good agreement with the data in Table 3. The
highest peak intensity on the TPD curve for m/z 60 at around ~200 ◦C is observed for the samples of
apricot seed shells and walnut shells after the pretreatment with steam explosion (Figures S3 and
S6). The lowest intensities are observed for the samples of apricot seed shells and walnut shells
after the acid pretreatment (Figures S2 and S5), since acid hydrolysis leads to the almost complete
dissolution and removal of hemicellulose from the biomass. In addition, the acid treatment leads to
the hydrolysis of acetyl groups with the formation of acetic acid. This process can be used in “green
technologies” to produce renewable bio-based acetic acid.

It is known that the decomposition of the main components of plant biomass—
hemicellulose, cellulose, and lignin—occurs at specific temperature ranges and is character-
ized by the temperatures of the maximum desorption rate, Tmax. Pyrolysis begins with the
decomposition of the carbohydrate components of the biomass at a temperature of >150 ◦C,
namely hemicellulose. The polymer chain of hemicellulose consists predominantly of
monosaccharide five-membered xylose cycles, which are less stable than the six-membered
glucose cycles are that make up cellulose. Therefore, the decomposition of cellulose is
characterized by a higher Tmax~300 ◦C than that of hemicelluloses Tmax~200 ◦C. The most
intense marker ion in the mass spectra of carbohydrate pyrolysis products is a fragment
ion with m/z 60 (HOCHCHOH+) [51].

The thermal degradation of the lignin polymer chain occurs by the formation of
many aromatic compounds. Previously, we found that lignin pyrolysis proceeds in two
main stages [52]. Stage I is due to thermal transformations of external phenol–propanoic
blocks. It is characterized by the temperature of the maximum desorption rate at about
Tmax~320 ± 25 ◦C. It proceeds in the range of 220–440 ◦C depending on the type of
biomass and its pretreatment (Figures S1–S6). The alkali pretreatment shifts the Tmax of
this pyrolysis stage towards lower temperatures. The main pyrolysis products formed
during stage I are syringol (m/z 154), methylguaiacol (m/z 138), 4-vinylpyrocatechol (m/z
136), guaiacol (m/z 124), pyrocatechol (m/z 110), phenol (m/z 94), etc.

Pyrolysis stage II is due to the decomposition of the internal phenol–propanoic blocks
of lignin, which are interconnected by stronger chemical bonds. In this case, products with
a lower molecular weight are formed: o-cresol or p-cresol (m/z 107, 108), phenol (m/z 94),
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toluene (m/z 91), benzene (m/z 78), etc. This process can be used in “green technologies”
to produce renewable bio-based aromatic compounds.

2.6. Comparison with Previous Studies

A few works have been found in which fermentable sugars are produced from walnut
shells; Table 4 shows some of these.

In the first of these works, a more complex two-stage process was used: first, a p-TsOH
pretreatment, and then an H2O2 treatment and enzymatic hydrolysis with the same enzyme
as that which was used in our work, Cellic CTec 2, but at a higher dose (40 FPU/g cellulose),
achieving a hydrolysis yield of 94.4% [53], which is similar to what we have obtained
when the alkaline pretreatment was performed. In the second work, a pretreatment with
HNO3 and subsequent enzymatic hydrolysis with another enzyme ZSL cellulose (40 FPU/g
solid) is carried out, reaching a hydrolysis yield of 80% [54], which is higher than that
which was obtained when H2SO4 was used in our work, approx. 60%, but using a much
lower dose of the enzyme than that which we used (15 FPU/g solid). In the last of the
works, a pretreatment with a deep eutectic solvent was carried out, but the hydrolysis
yield was low (16.94%) [55], as also happened in our case when we were using steam
explosion. Table 4 shows more products that have been obtained from walnut shells, such
as xylooligosaccharides, lignin, lignin nano-particles, and cellulose nanocrystals. In the
case of the production of xylooligosaccharides, different strategies have been proposed.
In one of the cases, the researchers proposed a first stage of delignification with NaClO2-
CH3COOH and a second stage of alkaline extraction to recover the hemicelluloses that
will later be enzymatically hydrolyzed [56], and on the other hand, the use of a single
hydrothermal pretreatment stage [57]. In this latest work, lignin and cellulose nanocrystals
are also produced after a second crganosolv delignification stage. To improve the recovery
of lignin in another work, sequential organosolv delignification (3n) has been proposed,
achieving close to 70% recovery of the initial lignin compared to less than 60% [58].

In the case of apricot seed shells, no previous reports have been found in the reviewed
bibliography in which this raw material was used to produce sugars. This raw material has
been used mainly to produce biomaterials such as nanocarbon, lignin-derived activated
carbon, or cellulose basic-ion exchangers (Table 4). To produce these biomaterials, different
processes have been used, for example, in the case of the production of the biomaterial
which was used as a biosorbent, the apricot seed shells were subjected to a two-stage pro-
cess, first, with NH4OH. and then, they were phosphorylated in an aqueous solution [59].
In the case of the production of cellulose basic-ion exchangers, a two-stage process has also
been used, first, a treatment with ammonium, and then, amination using pyridine [60]. For
the production of nanocarbons, simpler processes have been used in a single stage, includ-
ing some more traditional ones using KOH [61] or H3PO4/KOH [62] for carbonization, and
other ones that are more innovative such as “sol-gel” technology, with the use of catalysts
of the type (CuO)x*(CoO)y*(NiO)z*(Fe2O3)k*(MoO3)m/HSZ [63].

2.7. Mass Balance

Mass balance was built for each material and pretreatment type, and it is shown
in Figures 10–12. In all of the cases, the results are given for 100 g of raw material for
ease of comparison. In the pretreatment stage, the type of pretreatment is the difference
between the scheme (i.e., acid, alkaline, and steam explosion ones). As can be seen, in
each scheme 62.5 g, 23.2 g, and 76.8 g of pretreated solids from the apricot seed shells and
49.7 g, 20.5 g, and 75.5 g of pretreated solids from then walnut shells were generated. The
higher solid yield after steam explosion can be attributed to the fact that steam explosion
is a hydrothermal pretreatment used to disrupt the bonding between components in a
lignocellulosic complex through the use of high-pressure steam for some time and rapid
explosive decompression. This is a type of physicochemical treatment, as high-pressure
steam break the lignocellulose structure resulting in the partial degradation of hemicellulose
and the removal of extractives. During the acid pretreatment, mostly the hydrolysis of
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polysaccharides (10.7% in initial apricot seed shells and 25.7% in walnut shells), as well as
the removal of extractives, took place. During the alkali pretreatment, mostly the oxidation
and removal of lignin (nearly 44.6% in initial material) took place. Both of the processes
resulted in a lower yield of solids in comparison to that of the steam explosion experiment.

Table 4. Process steps used to produce different products from walnut shell and apricot seed shells.

Process Steps Products Ref.

Step-1 Step-2 Enzymatic Hydrolysis

Walnut shell

p-TsOH pretreatment H2O2 pretreatment Cellic CTec 2
(40 FPU/g cellulose) Fermentable sugars [53]

HNO3 pretreatment ZSL cellulose
(40 FPU/g solid) Fermentable sugars [54]

Deep eutectic solvent
Cellulase from

Trichoderma viride
(Novozymes)

Lignin nano-particles
Fermentable sugars [55]

NaClO2-CH3COOH
delignification Alkaline extraction Commercially available

endo-1,4-β-xylanase Xylooligosaccharides [56]

Hydrothermal pretreatment Organosolv
delignification

Xylooligosaccharides
Lignin

Cellulose nanocrystals
[57]

Sequential organosolv
delignification (3n)

Hydrothermal
treatment

Lignin
Cellulose nanocrystals [58]

Apricot seed shells

NH4OH pretreatment Phosphorylated in an
aqueous solution Biosorbent [59]

“Sol-gel” technology.
(CuO)x*(CoO)y*(NiO)z*(Fe2O3)k*

(MoO3)m/HSZ based catalyst
Nanocarbon [60]

H3PO4/KOH carbonization Lignin-derived
activated carbon [61]

NH4OH pretreatment Aminated using
pyridine

Cellulose basic-ion
exchangers [62]

KOH carbonization Nanocarbon [63]
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Figure 11. Mass balance for alkaline pretreatment and enzymatic hydrolysis of apricot seed shells (a)
and walnut shells (b).

The second scheme (Figure 11) is characterized by the production of liquids with
the most dissolved substances. In the first scheme (Figure 10), complete hemicellulose
hydrolysis was achieved for the apricot seed shells, but for walnut shells, the resulting
solid contains a small amount of xylose. At the same time, both of the solids are enriched
in lignin. In the second scheme, the amount of lignin was reduced significantly for both the
raw materials. The same happened regarding the amount of hemicellulose. In the third
scheme (Figure 12), the maximum yield of the pretreated solid was obtained. The third
scheme is characterized by maintaining the maximum amount of lignin and hemicellulosic
sugars in the pretreated materials, resulting in the high solid yield (Figure 12).
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Figure 12. Mass balance for steam explosion pretreatment and enzymatic hydrolysis of apricot seed
shells (a) and walnut shells (b).

The pretreated solids were submitted to enzymatic hydrolysis with an industrial
cellulase Cellic CTec2 enzyme complex in the presence of β-glucanase. In the second stage,
11.4 g and 5.8 g of glucose after the acid pretreatment, 19.2 g and 15.6 g of glucose after the
alkaline pretreatment, and 1.4 g and 3.5 g of glucose after the steam explosion pretreatment
with the apricot seed shells and walnut shells, respectively, were generated. A complete
cellulose conversion to glucose was not achieved, but the alkaline pretreatment with 15%
NaOH was the most optimal type for the pretreatment of both of the raw materials, resulting
in the highest glucose yields. The possible reason for this could be the removal of lignin
and hemicellulosic sugars.

3. Materials and Methods
3.1. Materials

Shells of walnuts (Juglans regia L.) and shells of apricot seed (Prunus armeniaca) from
the Odessa region of Ukraine were used as raw materials. The shells were milled. For this
purpose, a laboratory hammer mill (Retsch, SM 100, Haan, Germany) was used. A fraction
of material passed through a 1 mm screen was kept in a sealed plastic bag and used in
the experiments.
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Industrial cellulase Cellic CTec2 enzyme complex and β-glucanase were supplied by
Novozymes A/S, Bagsværd, Denmark. The chemicals were purchased from Sigma-Aldrich
(Darmstadt, Germany).

3.2. Biomass Pretreatment

The fraction of milled shells that passed through the 1 mm screen was used for the
pretreatment experiments (dilute acid and alkali solution, as well as steam explosion), and
the resulting pretreated solids were submitted to enzymatic hydrolysis. The pretreatments
with 1% H2SO4 and 15% NaOH (w/v) were performed in a 1 L agitated tank reactor (Parr
Instrument Company, Moline, IL, USA). The biomass loading inside the laboratory reactor
was 20% (w/v). The targeted temperature was 180 ◦C, and the heating time was 40 min.
As the targeted temperature was reached, the processing time was 20 min. Agitation at
300 rpm was applied. At the end of the acid and alkali pretreatment, we stopped heating
it, and the reactor was cooled with tap water to room temperature, and the solids were
filtered and washed with deionized water. The pretreated solids were oven dried at 50 ◦C
for 48 h to reach a moisture content of 3%.

The steam explosion treatment of the shells without initial impregnation was carried
out in a custom-built batch pilot unit in a 4 L reaction vessel. To perform the experiment,
the vessel reactor was loaded with 500 g of sample, and then the reactor was heated with
saturated steam to 180 ◦C. The process time was 10 min. Then, the reaction vessel was
rapidly depressurized to an atmospheric pressure.

3.3. Enzymatic Hydrolysis

The pretreated solids were used as substrates for a further enzymatic hydrolysis. The
prepared materials were hydrolyzed with an industrial cellulase Cellic CTec2 enzyme
complex. The cellulase enzyme loading was exactly 15 FPU per 1 g of substrate. To provide
the necessary β-glucosidase activity of cellulases, β-glucanase was added. The pH of the
solution was adjusted to 4.8 with 0.05 M sodium citrate buffer, and then, the enzymes
were added to the lignocellulosic substrate (5% w/v dry basis). During the experiment,
the total working volume was 25 mL in 100 mL Erlenmeyer flasks. All the experiments
were performed in triplicate reaction flasks. The flasks were kept at 50 ◦C for 72 h in an
orbital shaker at 150 rpm (Certomat-R, B-Braun, Göttingen, Germany). To evaluate the
efficiency of hydrolysis, samples of 1 mL were taken at 24, 48, and 72 h. The samples
were centrifuged for 10 min at 10,000× g rpm using Sigma 1–14 Centrifuge (Osterode am
Harz, Germany), and then used for the determination of glucose and xylose concentrations
by high-performance liquid chromatography (HPLC, Agilent Technologies, Palo Alto,
CA, USA).

3.4. Raw Material, Residual Solid, and Liquid Fraction (Hydrolysate) Characterization

The chemical composition of the biomass was investigated according to the method-
ology from NREL (National Renewable Energy Laboratory, Golden, CO, USA) [64–67].
The pretreated solids yields were determined gravimetrically. The liquid fraction was also
analyzed and previously filtered through 0.45 µm nylon membranes. The monomer sugars,
such as glucose, xylose, mannose, galactose, and arabinose, and inhibitor composition,
such as acetic acid, formic acid, furfural, and hydroxymethylfurfural (HMF), of the liquid
fraction after acid and steam explosion pretreatments were determined by HPLC using
an Agilent Technologies 1200 series HPLC system (Santa Clara, CA, USA), which was
equipped with ICSep ICE-COREGEL 87H3 column. The column was operating at 65 ◦C,
and 5 mM sulfuric acid was used as the mobile phase (0.6 mL/min).

The amount of polysaccharide, acid-insoluble lignin, and acid-soluble lignin in the
solids was also determined according to methodology from NREL. The hydrolysates after
the pretreatment were also analyzed, and the amount of sugars were determined. Glucose
and xylose recoveries were calculated as the ratio of sugars that remains in the pretreated
solids and liquid fractions to sugars present in the raw material. Monomeric and oligomeric
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sugars in the liquid fractions after pretreatments were investigated by HPLC, as well
as the amount of formic acid, acetic acid, furfural, hydroxymethylfurfural (HMF), and
levulinic acid.

Glucose and xylose concentrations in the sample supernatant were determined by
HPLC using the liquid chromatograph with a refractive index detector (CARBOSep CHO-
782 Pb, Transgenomic, Inc., Omaha, NE, USA) with ultra-pure water as an eluent. The flow
rate was 0.6 mL/min, and the column temperature was 70 ◦C.

Fourier transform infrared (FTIR) spectroscopy using a Perkin-Elmer Spectrum 100 FTIR
spectrometer (Golden gate from Graseby Specac LTD, Kent, England) was used to evaluate
structural changes in the solids. All of the materials were analyzed in the 4000–500 cm−1

range at a resolution of 4 cm−1.
All of the experiments and determinations were carried out in triplicate. Relative

standard deviations are below 5%.

3.5. Temperature-Programmed Desorption Mass Experiments

Temperature-programmed desorption spectrometry (TPD MS) was performed using a
monopole mass spectrometer (MKh-7304A, Sumy, Ukraine) with electron impact ionization
adapted to study pyrolysis kinetics [68–70]. About 8 mg of biomass samples were used
for each experiment. TPD measurements were performed at a constant rate of 0.168 ◦C/s.
Mass spectra, TPD curves, and the P/T pressure–temperature curves (P—the pressure of
volatile pyrolysis products; T—temperature of the sample) were created and analyzed in a
computer-based data acquisition and processing step.

4. Conclusions

The agricultural residues largely available in Ukraine such as apricot seed shells and
walnut shells, which are underutilized, have a low cost, and lack applications, can be
regarded as suitable renewable raw materials for multiproduct biorefinery. An evaluation
of the influence of the pretreatments on raw materials shows that alkaline pretreatment is
characterized by minimal solid recovery due to the removal of large amounts of hemicellu-
loses and lignin. Acid pretreatment is effective at solubilizing hemicellulose, while steam
explosion has a less destructive effect on lignin and hemicellulose. The removal of the men-
tioned components exposes cellulose, resulting in an increase in its accessibility. Alkaline
pretreatment allows us to achieve a high glucose yield. Both of the materials are a great
alternative and prospective source of fermentable sugars, which indicates their potential in
biofuel production (energy independence) for other bioproducts such as bioplastics. The
results show that the alkali pretreatment is more advantageous, not only because, overall, a
higher glucose yield is obtained, but also because it is industrially more feasible as lignin
can be easily precipitated from the spent liquor and processed again into value-added
products, as well as sodium hydroxide, which can be easily recovered and returned to
the technological process. The proposed application represents an innovative method of
disposal on the one hand, and the possibility of producing renewable compounds on the
other side, thus contributing to the development of a circular bioeconomy.

Future work will focus on the conversion of sugars into valuable compounds as a
result of a fermentation process; for these studies, attention will be paid especially to the
formation of potential inhibitors of microorganism actions due to the conditions of the
pretreatment, and a compromise between a high sugar yield and minimum degradation
will be procured. In addition to sugars, a relevant future development will be the character-
ization of lignins in terms of average molecular weight, average molecular number, and
polydispersity index, among others, with the general objective of taking full advantage of
these renewable feedstocks.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28031455/s1, Figure S1: TPD curves for ions with m/z
154, 138, 136, 124, 110, 109, 108, 107, 94, 91, 78, 60, and 55 obtained via pyrolysis of the solid based on
apricot seed shells after alkaline pretreatment; Figure S2: TPD curves for ions with m/z 154, 138, 136,
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124, 110, 109, 108, 107, 94, 91, 78, 60, and 55 obtained via pyrolysis of the solid based on apricot seed
shells after acid pretreatment; Figure S3: TPD curves for ions with m/z 154, 138, 136, 124, 110, 109,
108, 107, 94, 91, 78, 60, and 55 obtained via pyrolysis of the solid based on apricot seed shells after
pretreatment with steam explosion; Figure S4: TPD curves for ions with m/z 154, 138, 136, 124, 110,
109, 108, 107, 94, 91, 78, 60, and 55 obtained via pyrolysis of the solid based on walnut shells after
alkaline pretreatment; Figure S5: TPD curves for ions with m/z 154, 138, 136, 124, 110, 109, 108, 107,
94, 91, 78, 60, and 55 obtained via pyrolysis of the solid based on walnut shells after acid pretreatment;
Figure S6: TPD curves for ions with m/z 154, 138, 136, 124, 110, 109, 108, 107, 94, 91, 78, 60, and 55
obtained via pyrolysis of the solid based on walnut shells after pretreatment with steam explosion.
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Abstract: Biorefinery feasibility is highly influenced by the early design of the best feedstock trans-
formation pathway to obtain value-added products. Pretreatment has been identified as the critical
stage in biorefinery design since proper pretreatment influences subsequent reaction, separation,
and purification processes. However, many pretreatment analyses have focused on preserving and
valorizing six-carbon sugars for future use in bioconversion processes, leaving aside fractions such as
hemicellulose and lignin. To date, there has been no pretreatment systematization for the removal
of lignocellulosic fractions. This work defines pretreatment efficacy through operational, economic,
environmental, and social indicators. Thus, using the data reported in the literature, as well as the
results of the simulation schemes, a multi-criteria weighting of the best-performing schemes for the
isolation or removal of cellulose, hemicellulose, and lignin was carried out. As a main result, it was
concluded that dilute acid is the most effective for cellulose isolation and hemicellulose removal for
producing platform products based on six- and five-carbon sugars, respectively. Additionally, the
kraft process is the best methodology for lignin removal and its future use in biorefineries. The results
of this work help to elucidate a methodological systematization of the pretreatment efficacy in the
design of biorefineries as an early feasibility stage considering sustainability aspects.

Keywords: biorefineries; pretreatment efficacy; lignocellulosic fractionation; heuristic analysis;
techno-economic analysis; social impact

1. Introduction

The integral use of biomass for its subsequent conversion into high-value-added
products is an approach associated with the biorefinery concept, where the product portfolio
may comprise bulk and/or specialized chemical products [1]. The biorefinery concept
starts from the analogy with crude oil refineries, where multiple products are generated
from petroleum. To this end, several methodologies have been proposed for the conceptual
design, optimization, and implementation of biorefineries [2]. Initially, a biorefinery should
be understood as a network of facilities that integrates technologies, feedstocks, and
equipment to transform biomass into products and energy [3]. However, other authors
have proposed a broader definition specifying that “a biorefinery is a complex system in which
biomass is integrally processed or fractionated to obtain more than one product, including bioenergy,
biofuels, chemicals, and high value-added compounds that can only be extracted from bio-based
sources. The latter after a comprehensive study of the raw materials to be used and a sustainability
analysis based on the latest state of the art technologies and approaches which include aspects of
the three pillars of sustainability” [1]. Therefore, the biorefinery design should include the
evaluation of feedstocks, technologies and equipment, transformation routes, and products
through technical, economic, environmental, and social analyses. The analysis of the
dimensions is justified under the objectives of the biorefinery: (i) to maximize the value of
the products; (ii) to reduce greenhouse gas emissions; (iii) to reduce dependence on non-
renewable fuels; (iv) to stimulate rural development; and (iv) to promote the social welfare
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of the population [4]. The maximum use of biomass and the minimum production of waste,
contributing economically, environmentally, and socially, is a sustainability challenge faced
by the design of biorefineries. In this way, the objectives of biorefineries are framed in
fulfilling the Sustainable Development Goals (SDGs) [5]. Additionally, different authors
have established the direct relationship that the implementation of biorefineries has with
the fulfillment of the 2030 agenda, framing biorefineries as a possible solution to multiple
problems faced by society [6].

Different steps are involved during the biorefinery design by the early-stage
approach: hierarchy, sequencing, and integration [7]. The hierarchization involves the
global elements of the biorefinery, understood as feedstock flows, products, and transfor-
mation routes. The sequencing illustrates the logical order in which the unitary processes
should be developed to maximize resource use. Finally, integration defines the possibilities
of integrating raw materials, technologies, and products to obtain greater benefits [8]. Due
to the diversity of biomass, social contexts, route and technology transformations, govern-
ment policies, and local demand, biorefineries have become complex systems to analyze [9].
For this reason, a fundamental axis of biorefineries should be the contextualization of where
the process will be developed. Therefore, preliminary localization studies are mandatory to
benefit adjacent markets, considering the restrictions and identifying the possible economic
areas that can be satisfied [10].

Biorefinery design involves different stages, starting with evaluating and selecting
potential feedstocks. Then, the biomass is pretreated to recover or isolate its fractions to
be further subjected to a combination of biological and/or chemical processes [1]. Based
on the above and considering that biorefineries are established as a tool to promote the
sustainability of production processes, biomass acquires relevance. Lignocellulosic biomass
emerges as a fundamental axis to promote a sustainable society under the waste valoriza-
tion transformed into value-added products [11]. Although biomass can mitigate certain
pollution issues caused by fossil fuels, some authors have identified challenges related to
availability, supply logistics, and conversion yields toward platform products [12]. The
difficulties associated with the conversion processes show the importance of biomass
conditioning, representing one of the most costly and relevant stages of the process [13].
Pretreatments involve physical and chemical changes in the biomass structure [11]. Physical
pretreatments focus on increasing the surface area of the material to improve hydrolysis
processes. Often, these structural changes are achieved by reducing particle size, increasing
porosity, or altering structural regularity. For example, some authors suggest that using
pretreatments such as ultrasound produces perforations in the biomass, increasing porosity
and yield in enzymatic hydrolysis [14]. On the other hand, chemical pretreatments aim to
generate ultrastructural and chemical modifications in the cell wall of the biomass. These
modifications involve the fractionation of the polymers, which results in better accessibility
by enzymes and better utilization of the lignocellulosic fractions [11]. The main compo-
nents of biomass are cellulose, hemicellulose, and lignin coupled in a constitutive complex
structure [15]. Currently, most applied pretreatments focus on recovering the cellulosic
fraction for further conversion into biofuels [16]. However, in the design of biorefineries,
pretreatments must seek the greatest benefit from all available lignocellulosic fractions to
obtain value-added products from each one or their possible combination. For example,
after diluted acid pretreatments, the xylose-rich fraction could be dehydrated for furfural
production and used for agrochemical and solvent applications. Some studies have also
studied the xylose valorization for xylitol production from steam-exploded corn straw due
to the nutritional properties of this sugar alcohol [17]. Similarly, kraft pretreatment allows
obtaining a black liquor with soluble lignin that can be fractionated for vanillin production.
Pretreatments such as steam explosions make it possible to obtain concentrated cellulose
with multiple valorization possibilities, such as the production of biofuels, bioproducts,
and biosurfactants.

The main purpose of biomass pretreatment should be the access of biocatalysts to
plant polysaccharides to be converted into platform products [18]. Additionally, some
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authors have reported that an adequate pretreatment should (i) decrease the enzymatic
load necessary for the hydrolysis processes, (ii) avoid the loss of valuable fractions to
platform products, (iii) minimize the generation of inhibitory compounds for the hydrolysis
or fermentation processes, and (iv) allow the recovery of other fractions (such as lignin and
hemicellulose) that can be converted into valuable co-products [18]. Thus, pretreatments
become relevant in promoting the availability of lignocellulosic fractions and increasing
the productivity of the process. For example, it has been reported that adequate pretreat-
ment can increase the rate of enzymatic hydrolysis of lignocellulosic materials from 3 to
10 times [19]. Although different pretreatment performance studies have been performed,
mostly focusing on cellulose isolation for biofuel production, no design factors have been
involved in the scale-up stage focused on biorefineries. There are no in-depth technical,
economic, and environmental assessments considering operational and scaling factors. In
addition, there currently needs to be a clear systematization of pretreatments with appli-
cations in biorefinery design since effective pretreatment improves the performance of
reaction and downstream processes. Therefore, the pretreatment processes in biorefiner-
ies should consider the integral valorization of lignocellulosic fractions, maximizing the
isolation of fractions in both branched chains or platform products for further processing.
This work aims to analyze the sustainability of pretreatment efficacy and its influence on
the design of production processes in biorefinery schemes. Therefore, pretreatments for
lignocellulosic isolation were assessed considering technical, economic, environmental,
and social perspectives based on ten sustainable indicators.

2. Results and Discussion
2.1. Pretreatment Screening

Tables 1–3 show the possible pretreatments that would remove or isolate each lig-
nocellulosic fraction for future use in biorefinery schemes. It should be noted that the
hemicellulose and lignin fractions are removed together in the liquor in most pretreatments.
Hemicellulose is usually hydrolyzed to form five-carbon oligomers and monosaccharides
such as xylose and arabinose, and a small six-carbon fraction such as galactose, glucose,
mannose, and 4-O-methyl-d-glucuronic acid [20]. Therefore, this gives rise to the synthesis
of by-products with industrial attraction due to their future processing for producing
ethanol, lactic acid, and sugar alcohols such as xylitol, sorbitol, mannitol, ethylene gly-
col, and glycerol, among others. Unlike cellulose, hemicellulose has an amorphous and
slightly random structure with low thermal and chemical stability, achieving more than
75% removal in aqueous hydrolysis at high temperatures [21]. This overview of hemicel-
lulose hydrolysis and its by-products makes it a valuable candidate for the biofuel, food,
and biomaterials industry. On the other hand, lignin is easily hydrolyzed by alkaline
agents at high temperatures due to its amorphous and cross-linked structure together with
hemicellulose [22]. Lignin pretreatments are focused on its isolation, and the degree of
polymerization decreases, modifying the three-dimensional structure as it becomes less
complex [23]. However, the aromatic structure of lignin, with functional groups including
aliphatic, phenolic hydroxyl, and carbonyl groups, make it a potential raw material in the
food, pharmaceutical, and perfume industries.

Initially, biorefineries were proposed to produce biofuels through the efficient use
of biomass, focusing on cellulose valorization through enzymatic hydrolysis and further
fermentation [24]. Therefore, pretreatments focused on cellulose preservation or isolation
should constitute an essential part of the process design since some physicochemical,
structural, and compositional factors of the biomass must be overcome. The molecular
configuration and chain length cause cellulose to have a high degree of polymerization,
which hinders enzymatic and microbial attack [25]. In addition, the cellulose structure has
a large number of intramolecular and intermolecular hydrogen bonds due to the hydroxyl
groups forming a superstructure (supramolecular structure) and hindering easy hydrolysis
compared to hemicellulose and lignin [26]. That fraction of cellulose that can be removed
after pretreatment belongs to the amorphous fraction of the polymer, resulting in soluble
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and insoluble cellulose molecules in the form of polymers and oligomers [27]. For example,
it has been reported that after dilute acid pretreatment, the insoluble cellulose molecules
have a degree of polymerization of 100-20,000, while the soluble one of 2-12 [28], or values
of 500-1500 after kraft pulping [29]. Pretreatments have been described as alternatives
to decrease the crystallinity while increasing the surface area, promoting the adsorption
capacity of enzymes to the substrate [30].

The early selection of pretreatments was performed through the removal index (RI).
Although many criteria should be considered for pretreatment assessment, it is possible to
identify some schemes that are not optimal for removing specific lignocellulosic fractions.
It should also be noted that the operating conditions, summarized in the severity factor
(Log (R0)), drastically influence the RI. For example, removals of 14.6–31.3%, 26.2–77.9%,
and 29.7–93.8% can be achieved for cellulose, hemicellulose, and lignin, respectively, when
the severity factor varies between 3.1 and 4.4 for SO2-catalyzed steam explosion pretreat-
ment [31]. Even hemicellulose removals of 19.1–26.3% and lignin removals of 66.9–71.4%
have been achieved when small severity factor variations of 0.2–0.7 were performed in recy-
cled aqueous ammonia expansion (RAAE) pretreatments [32]. The information condensed
in Tables 1–3 was based on a comprehensive review of the best single pretreatment schemes
for lignocellulosic biomass. For cellulose isolation, it can be observed that wet air oxidation,
diluted acid, and kraft pretreatments are the most effective in preserving the biopolymer,
with values around 90–93% (or isolations of 7–10%). In contrast, ammonia fiber expan-
sion (AFEX) and organosolv have been postulated for cellulose preservation as well as
hemicellulose and lignin removal [33]; however, more than 19% of cellulose is hydrolyzed
into the liquor as losses. Pretreatment screening should be based on the removal of the
lignocellulosic fraction coupled with the accessibility degree (AI) for further valorization.
Although dilute acid and kraft pretreatment have cellulose removals of 10%, their AI is
57–62%, which can hinder bioprocesses that are inhibited by the presence of undesired
compounds. For example, after dilute acid pretreatment, the water-insoluble solid (WIS) is
constituted by cellulose and a large composition of lignin (cellulignin solids) that must be
removed, as it inhibits bioconversions to ethanol or other bioproducts [34]. However, bio-
processes have been studied for the joint valorization of cellulose and hemicellulose-based
substrates to avoid disposing of pentoses as waste, being the kraft process a candidate
for these systems as it preserves 90% and 60% of the initial biopolymer respectively. For
example, Mishra and Ghosh studied the fermentation of glucose and xylose after kans grass
biomass fractionation with sulfuric acid for bioethanol production through a co-culture
based on Scheffersomyces shehatae and Zymomonas mobilis [35]. Therefore, based on the RI
and AI indexes, the kraft, organosolv, ionic liquid, dilute acid, RAAE, and wet air oxidation
pretreatments were selected for cellulose isolation in the WIS.

Due to different operational (i.e., feed ratio, acid catalyst addition, temperature, resi-
dence time) and structural factors of the feedstock (i.e., recalcitrance, crystallinity, porosity,
degree of polymerization), the pretreatments are not selective to a single fraction; instead,
more than two fractions can be obtained in the hydrolyzed liquor. For example, acidification
of biomass with SO2-catalyzed steam explosion and dilute acid has effectively decreased
the crystallinity and degree of polymerization of lignocellulosic biomass while removing
hemicellulose and small amounts of lignin [36]. Therefore, pretreatments can be repeated
in lignocellulosic isolation schemes, such as kraft, which removes lignin while preserving a
large amount of cellulose. For hemicellulose removal, steam explosion and diluted acid
pretreatments are the best schemes for obtaining five-carbon platform products based on
the RI and AI indexes. In steam explosion pretreatments, large amounts of xylose are
generated, followed by aliphatic acids and furanic derivatives from the hemicellulose [37].
Aliphatic acids such as acetic acid are derived from the hydrolysis of acetyl groups, while
other acids such as formic and levulinic acids are products of catalyzed thermochemical
degradation. Acetic acid has been reported to decrease the pH of the liquor, stimulating
the acid-catalyzed hydrolysis of the other components, and some of the pentose sugars
are subsequently dehydrated to furfural and hydroxymethylfurfural (HMF) [34]. From
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Table 2, steam explosion, liquid hot water (LHW), organosolv, ionic liquids, dilute acid,
and ammonia recycled percolation (ARP) schemes were selected as the best pretreatments
for hemicellulose removal. On the other hand, lignin is usually insoluble in aqueous so-
lutions and can be removed from the liquor, together with the hydrolyzed hemicellulose,
through thermochemical treatments. Delignification reactions involve the cleavage of the
non-phenolic β-O-4 bond and the α-O-4 phenolic bond [38]. Therefore, there is no selective
pretreatment to lignin removal; instead, it is necessary to remove it from the liquor with
hydrolyzed pentoses through other treatments. Normally, acidification steps are imple-
mented by adding CO2 and inorganic acids, which promotes lignin precipitation. This
precipitation can be explained by the colloidal nature of lignin, specifically as a hydrocolloid
that precipitates at low pH due to the protonation effect of the acid groups of the lignin
structure [39]. Based on the data reported in Table 3, the best lignin removal schemes were
alkali, kraft, LHW, ionic liquids, RAAE, and organosolv pretreatments.
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2.2. By-Product and Inhibitors Formation

After pretreatment, by-products are obtained from the hydrolysis of macromolecules,
especially hemicellulose and lignin, including five- and six-carbon sugars in the form
of oligomers and monomers, aliphatic acids, furans, and phenolic compounds, among
others. Each by-product can be used in other thermochemical and biochemical processes
as raw material (platform product) to obtain value-added products or have an inhibitory
effect in bioconversions. In hemicellulose hydrolysis pretreatments, mainly xylose and
xylo-oligomers are produced from the cleavage of the glycosidic bond in the xylan chain,
as well as small amounts of glucose, galactose, and arabinose [31]. Based on different
bioconversion processes, xylooligosaccharides can be used as a platform product in the
functional food, pharmaceutical, and chemical industries. Although xylooligosaccharides
are not digestible by humans, they favor the proliferation of healthy microorganisms due to
their prebiotic nature [56]. In general, oligosaccharides based on glucose, xylose, fructose,
and galactose have been shown to be a potential partial substitute for sugars promoting
the growth of bacterial flora and also for their antioxidant and antiallergic capacities [57].
Different pretreatments have been proposed for producing xylo-oligomers, highlighting
LHW or autohydrolysis, acid, and alkaline hydrolysis [58]. On the other hand, xylose is an
important industrial product as it can be used to produce xylitol, used in the food industry
as a sugar substitute to produce diabetic-friendly or low-calorie products. Panjiar et al. have
studied the production of biosurfactants from xylose-rich hydrolysates to reduce surface
tension in oil-water mixtures in the food, pharmaceutical, and petrochemical industries [59].
The production of bioethanol [60] and xylonic acid, used as an additive in the food industry
and precursor for producing green solvents and copolyamides [61], has also been explored.

The rich phenolic content of lignin makes it promising to use this heteropolymer in
different industrial processes of food, pharmacy, and perfumery. Solubilized or precipitated
lignin has been studied to produce vanillin as an additive in the chemical industry [62].
Other studies have focused on using lignin in producing new materials, such as phenolic
resin, epoxy, and polyurethane, as emulsifying and carbon agents, among others [23]. The
thermostability and mechanical properties of lignin mixed with thermoplastics such as
polypropylene have been demonstrated [63]. Substituting phenol for lignin in phenol-
formaldehyde synthesis has also been studied [64]. However, the main drawback is the
high heterogeneity of the molecule and an efficient isolation method with high purity.
Depending on the pretreatment employed, the structure of lignin may vary in terms of
molecular weight, phenolic distribution, polydispersity, inter structural bonds, among
others. As an alternative, fractionation through membrane filtration, solvents coupled with
microwaves, or sequential precipitation has been studied [22]. Pretreatments with acid
catalyst addition promote the formation of low molecular weight phenolic and aromatic
compounds that can act as inhibitors in bioconversion processes, affecting both microbial
growth and overall yield. This inhibition can be given to specific functional groups, as they
can interfere with the cell membrane influencing its microbial function [34].

Furfural and HMF are also produced by the dehydration of monosaccharides at
high temperatures. Furfural has gained importance as a solvent or as a precursor for
the production of pesticides. In contrast, HMF has been widely used as an additive in
petroleum-based polymer blends, such as polyester and polyurethane. Furfural and HMF
inhibit yeast growth and decrease the yield and productivity of ethanol fermentations.
However, anaerobic fermentations have been performed in recombinant transformants
with xylose as substrate followed by the addition of furfural, leading to increased ethanol
production due to the reduction of furfural to furfuryl alcohol to decrease the production
of undesirable by-products such as xylitol [65]. Alkaline pretreatment has greater potential
for fermentative processes as less inhibitory substances such as HMF and furfural are
produced than acid pretreatment [66]. Other degradation by-products, such as aliphatic
acids (i.e., levulinic acid, acetic acid, formic acid), can serve as end products or platform
products for pharmaceuticals, plasticizers, and other additives. However, inhibition of
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these acids has been observed at concentrations higher than 0.1 M, as they can pass through
the cell wall and dissociate, lowering the intracellular pH and leading to death [34,67].

2.3. Techno-Economic Analysis

The results of the technical analysis of the selected pretreatment schemes are sum-
marized in Table 4. Regarding the technical aspect, the cellulose isolation pretreatment
schemes showed no significant difference; only small yield changes for organosolv and
ionic liquid were observed. Regarding hemicellulose, the yields were calculated based
on the production of oligomers and five-carbon monosaccharides, with the diluted acid,
organosolv, and LHW being the best schemes. It was observed that the ionic liquid was
the worst scheme in terms of yield since the hydrolyzed liquor was submitted to ionic
liquid recovery stages, preventing a good recovery of the hemicellulose carbohydrates. For
the lignin removal yield, it was observed that the kraft process allows obtaining a greater
amount of the heteropolymer, which was to be expected since it is the main methodology
for obtaining soluble lignin in the black liquor. Likewise, in terms of energy, it can be seen in
Table 4 that the schemes with the highest energy demand were the RAAE, ionic liquid, and
organosolv pretreatments. This behavior is justified by using energy-demanding equipment
such as distillation towers for solvent recovery in organosolv and pressurized equipment
such as RAAE, among others. On the other hand, the pretreatment schemes with the lowest
energy demand were LHW, dilute acid, and steam explosion. These pretreatments are
characterized by short reaction times and low reagent demand. Thus, these pretreatments
allow the isolation of the lignocellulosic fractions without high energy demands. However,
some of these pretreatments require specific designs for their proper operation. For exam-
ple, although steam explosion is not energy-demanding, it requires an operational design
material resistant to high pressures or the impact between the high-pressure steam and
the biomass, or the dilute acid requires a specific alloy construction that withstands the
acidic nature of the medium and does not corrode the reactor and its accessories. Therefore,
an economic analysis of the operating and investment costs of each pretreatment scheme
is essential.

Table 4. Technical analysis of pretreatments to produce different lignocellulosic fractions.

Lignocellulosic Fraction Pretreatment
Yield

(kg 100 kg−1) ****

Utilities

Cooling Water
(ton h−1)

Steam
(ton h−1)

Electricity
(kW)

Cellulose

Wet oxidation 20.9 4220 59.6 *** 147.6
RAAE 20.2 5260 547.7 * 8589.0

Organosolv 18.1 22,200 190.4 *
25.8 ** 226.3

Diluted acid 20.3 1580 21.2 *** 9.4
Kraft 20.2 1580 33.3 ** 151.8

Ionic liquid 18.9 3720 247.3 *
7.8 ** 361.9

Hemicellulose

Steam explosion 9.9 161 1.1 *** 61.20
LHW 11.5 1500 18.4 ** 111.8

Ionic liquid 0.7 327 247.3 **
7.8 ** 361.9

Organosolv 12.2 22,100 25.4 ** 308.9
Diluted acid 12.8 1540 21.2 *** 109.3

ARP 8.1 - 4.1 ** 105.1
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Table 4. Cont.

Lignocellulosic Fraction Pretreatment
Yield

(kg 100 kg−1) ****

Utilities

Cooling Water
(ton h−1)

Steam
(ton h−1)

Electricity
(kW)

Lignin

Alkali 14.2 5860 69.4 ** 236.8
Kraft 21.6 1220 16.9 ** 122.8

Ionic liquid 3.4 244 1.3 *
7.4 *** 264.3

LHW 13.9 136 4.1 *** 64.3

Organosolv 13.9 22,100 190.2 *
25.4 ** 308.9

RAAE 15.9 5260 547.7 * 8589.0

* Low-pressure steam; ** medium-pressure steam; *** high-pressure steam; **** yield based on the isolated
lignocellulosic fraction per initial raw material (50 tons d−1). For cellulose, this is the six-carbon fraction of the
WIS. For hemicellulose, this corresponds to the oligomers and monosaccharides of five carbons in the hydrolysate.
For lignin, this is the solubilized lignin. See Equations (5)–(7).

Table 5 summarizes the economic results regarding investment (CapEx) and operating
(OpEx) costs. In terms of CapEx, the most expensive pretreatment schemes were organo-
solv and RAAE, which can be explained by their use of complex equipment such as the
distillation system (i.e., the organosolv scheme), which includes the use of the column,
condenser, reboiler, reflux pump, and collection tank. In contrast, the most economical
processes were LHW, dilute acid, and kraft. These processes were characterized by using
few operating units and mild operating conditions, resulting in the lowest OpEx. On the
other hand, the pretreatments with the highest OpEx were the ionic liquid and RAAE
processes. Expensive reagents characterize the ionic liquid process, and its recirculation is
crucial. To reduce the OpEx in the ionic liquid schemes, recirculation of the ionic liquid was
proposed by adding anti-solvent to the reactive mixture in a 1:1 by weight ratio followed
by centrifugation and evaporation to remove the anti-solvent from the ionic liquid for
its subsequent recirculation [68]. This process allowed more than 10% decrease in OpEx
associated with the demand for reagents. Finally, the organosolv and RAAE pretreatments
showed a high demand for OpEx due to the need for utilities during the process, specifically
electricity and steam.

Table 5. Economic assessment of pretreatments to produce different lignocellulosic fractions.

Lignocellulosic Fraction Pretreatment
CapEx

(M-USD)
OpEx (M-USD Year−1)

Raw Materials Utilities Depreciation Others * Total

Cellulose

Wet oxidation 2.46 0.63 6.76 0.58 0.16 8.13
RAAE 6.65 1296.46 48.23 1.57 0.41 1346.67

Organosolv 3.73 40.54 25.28 0.88 0.24 66.93
Diluted acid 0.81 0.79 2.83 0.19 0.06 3.88

Kraft 2.25 764.03 3.73 0.53 0.15 768.44
Ionic liquid 1.96 6603.88 18.67 0.46 0.13 6623.14

Hemicellulose

Steam explosion 0.63 0.44 0.75 0.15 0.05 1.39
LHW 0.88 0.41 2.60 0.21 0.06 3.28

Ionic liquid 2.45 6603.88 18.66 0.58 0.16 6623.27
Organosolv 4.09 40.76 15.80 0.97 0.26 67.30
Diluted acid 0.96 0.79 2.83 0.23 0.07 3.92

ARP 1.12 0.89 0.38 0.26 0.08 1.61

Lignin

Alkali 1.62 41.60 8.19 0.38 0.11 50.28
Kraft 0.99 1.20 2.38 0.23 0.07 3.89

Ionic liquid 2.15 197.47 1.51 0.51 0.14 199.63
LHW 0.60 0.37 0.96 0.14 0.05 1.52

Organosolv 4.09 40.54 25.29 0.97 0.26 67.05
RAAE 6.45 1181.08 48.23 1.52 0.40 1231.23

* Maintenance and labor costs.

The pretreatment selection should involve operational aspects and the overall per-
formance of the process. It is also necessary to identify scaling factors or technology
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development level since, in many cases, its implementation on an industrial scale depends
on technical, economic, and environmental design factors. Therefore, the most appropriate
selection of the isolation scheme should involve the technology readiness level (TRL) since
readiness defines whether the technology is applicable at the industrial or pilot scale, as well
as whether it is in the innovation and development stage. Figure 1 shows the TRL results
for the selected processing schemes for each lignocellulosic fraction. It can be observed that
the high capital cost of pretreatments, such as RAAE, limits investors from using them on
an industrial scale. Pretreatments such as organosolv involve solvents that increase the
energy requirements and operating costs of the process, decreasing its economic viability.
The economic feasibility of organosolv schemes has been widely reported for lignin ex-
traction at the pilot scale [69]. The kraft and alkaline processes are used at the industrial
scale for removing lignin from woody biomass for pulp and paper production. Although
dilute acid pretreatment has been widely discussed in biotechnological applications, its
implementation at the industrial scale has been slowed down. These delays are largely due
to the generation and accumulation of inhibitory compounds and the high corrosion of
processing units and piping [69]. Therefore, TRL must be analyzed from an operational
and design perspective with techno-energetic and economic considerations.
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Figure 1. Technology readiness level of the selected lignocellulosic pretreatments.

2.4. Environmental Analysis

The potential environmental impact of the pretreatment schemes during the isolation
of the cellulose fraction is shown in Figure 2. It can be seen that all pretreatments presented
similar impacts in the categories analyzed. Therefore, positive environmental impacts
were observed, given that their values are negative, interpreted as environmental relief.
Additionally, it can be seen that in the photochemical oxidation potential (PCOP) category,
the organosolv pretreatment generated less impact because, during pretreatment, there
were no considerable emissions of polluting gases, dust, or smoke. Although there could
have been impacts related to human toxicity by ingestion (HTPI), there was no negative
environmental impact since more than 95% of solvents are recirculated to the process. On
the other hand, the RAAE pretreatment is not considered in Figure 2 since its potential pre-
sented considerable differences concerning the other pretreatments. The RAAE generated
a harmful environmental impact, with 106 PEI kg−1 of product. This impact was reflected
in higher rates in the HTPI and terrestrial toxicity potential (TTP) categories since they
involve effects on humans either by ingestion, inhalation or dermal exposure to ammonia
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Figure 2. Potential environmental impact of pretreatment schemes for cellulose isolation.

The environmental impact of the pretreatment schemes for the isolation of the hemi-
cellulose fraction is presented in Figure 3. The pretreatment schemes that exhibited the
greatest environmental benefit were the ionic liquid and steam explosion in the human im-
pact categories and the greenhouse gas emissions. Therefore, the organosolv pretreatment,
although it contemplates using solvents, does not present pollutant gas emissions due to
the recovery or recirculation of the solvent. This analysis also applies to the ionic liquid
pretreatment, with the recirculation of the main process reagent. On the other hand, the
ARP pretreatment showed the lowest favorable index due to the use of ammonia during
the reactive process. Different authors have previously reported the effects of ammonia on
the ecosystem and human health [70]. Thus, organosolv pretreatment and steam explosion
are the best environmental schemes for hemicellulose recovery.
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Figure 3. Potential environmental impact of pretreatment schemes for hemicellulose isolation.

The potential environmental impact generated by the pretreatment schemes for the
isolation of the lignin fraction is shown in Figure 4. Similar to the pretreatments for
cellulose isolation and hemicellulose removal, the schemes used for lignin fractionation
did not express any harmful environmental impact, except for the RAAE pretreatment
concerning human toxicity. The RAAE pretreatment is the only pretreatment that shows
harmful environmental impacts for pretreatments focused on cellulose and lignin recovery.
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This phenomenon is associated with the high ammonia concentration in the reactive
mixture. These concentrations reach values of more than 50% v/v. Therefore, downstream
ammonia removal becomes a complex process, considering subsequent separation stages.
In addition, the lignin obtained from pretreatments such as RAAE cannot be used in food-
type production schemes because the contaminant traces cannot be eliminated.. The impact
associated with using hazardous substances during the process triggers complications in
the development of pretreatment since it requires the installation of extensive and rigorous
safety protocols.
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2.5. Social Analysis

For the social analysis, a comparison of indicators contextualized by the capacity
in Colombia was performed. These ratios considered statistics at the national scale for
certain economic sectors. Based on water consumption in pretreatment schemes for cooling
and processing, two indicators were calculated: (i) water for the industrial sector, where
Colombia demanded 3.73 × 109 m3 in 2019, and (ii) total water available in the country,
with reported values of 2145 × 109 m3 in 2019 (AQUASTAT). Likewise, indicators referring
to the demand for electricity from the processing units were analyzed with the national
electricity capacity of 72,824 GWh in 2021 and the consumption of diesel (in energy terms)
for the generation of thermal energy from the different steam qualities of the pretreatment
schemes with the amount of energy provided by Colombia in 2021 (2.40 × 1011 MJ) (UPME).
For the latter analysis, a boiler thermal efficiency of 80% was assumed. Table 6 shows the
results of the indicators analyzed for each lignocellulosic fraction. It can be seen that for all
indicators, except for the level of industrial water use (withdrawal), the values are very
small since they are contextualized to the country. Therefore, the comparison and analysis
were carried out between the different schemes and not based on a risk scale. From the
perspective of the level of industrial water use (withdrawal), it can be observed that the
organosolv pretreatment, in the three lignocellulosic fractions targeted, consumes the most
water in the industrial sector. The addition of the dilute solvent during hydrolysis, the
cooler prior to filtration of the hydrolysate, and the condensation of the solvent in the
recovery stage represents the greatest social risk for its implementation. It was expected
that pretreatments such as steam explosion would not greatly affect industrial water use
(renewable) since small feed ratios between steam and biomass are required. Regarding
electricity energy demand, the RAAE, LHW, and kraft pretreatments are the most at risk for
cellulose isolation and removal of hemicellulose and lignin. Finally, from the perspective
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of fossil fuel extraction, there was no significant impact on the national diesel data. This
shows that there is no great dependence on this fuel in boilers for steam production, and it
does not represent any risk due to competition in its use. The low consumption of process
water in steam explosion means that low levels of steam and diesel are required, making it
the scheme with the lowest risk.

Table 6. Social indicator results of access to material resources adapted to the Colombian context.

Lignocellulosic Fraction Pretreatment FWUsector (%) FWUcountry (%) ED (%) EF (%)

Cellulose

Wet oxidation 1.00 1.74 × 10−3 2.03 × 10−4 1.71 × 10−5

RAAE 3.27 0.32 × 10−3 0.01 1.53 × 10−4

Organosolv 5.20 9.05 × 10−3 3.11 × 10−4 6.06 × 10−5

Diluted acid 0.37 6.51 × 10−4 1.29 × 10−4 6.09 × 10−6

Kraft 5.62 0.10 × 10−3 2.08 × 10−4 9.56 × 10−6

Ionic liquid 0.13 2.21 × 10−4 4.97 × 10−4 7.14 × 10−5

Hemicellulose

Steam
explosion 0.04 6.63 × 10−5 2.03 × 10−4 3.07 × 10−7

LHW 0.36 6.19 × 10−4 0.01 5.27 × 10−6

Ionic liquids 0.13 2.18 × 10−4 3.11 × 10−4 7.14 × 10−5

Organosolv 5.20 9.04 × 10−3 1.29 × 10−4 6.05 × 10−5

Diluted acid 0.36 6.33 × 10−4 2.08 × 10−4 6.09 × 10−6

ARP 0.21 9.47 × 10−7 4.97 × 10−4 1.17 × 10−6

Lignin

Alkali 1.39 2.42 × 10−3 2.03 × 10−4 1.99 × 10−5

Kraft 0.29 5.00 × 10−4 0.01 4.85 × 10−6

Ionic liquid 0.06 9.98 × 10−5 3.11 × 10−4 2.48 × 10−6

LHW 0.03 5.60 × 10−5 1.29 × 10−4 1.18 × 10−6

Organosolv 5.19 9.03 × 10−3 2.08 × 10−4 6.05 × 10−5

RAAE 1.46 2.55 × 10−3 4.97 × 10−4 1.53 × 10−4

FWUsector: level of industrial water use (withdrawal), FWUcountry: level of industrial water use (renewable),
ED: energy demand, EF: extraction of fossil fuels.

2.6. Pretreatment Efficacy

Based on the results of each evaluative indicator, an overall assessment of pretreatment
efficacy was carried out by weighing the heuristic analysis. Heuristic analyses have been
described as subjective analyses based on theoretical, experimental, or simulated results.
Some investigations have shown satisfactory results of raw material selection [71] or
transformation routes [72] through manual weightings. Therefore, the efficacy calculation
contemplated the weighting of two types of ratings (see Table 7): (i) weighting by equal
assignment of 10% for each indicator (ω1); and (ii) weighting by statistical analysis (ω2).
As can be seen, despite the use of statistical weighting, where there is greater relevance to
economic design indicators appealing to investors, there are no differences between the
efficacy results compared to equal distribution. On the other hand, Table 7 shows that
dilute acid, wet air oxidation or organosolv pretreatment is recommended to isolate the
cellulose fraction. It should be noted that after each pretreatment, it is necessary to rinse
the WIS to remove the greatest amount of unwanted soluble compounds or the excess
of initial chemical reagents. In biorefinery schemes, the cellulose should be as clean as
possible since degradation compounds such as furans or phenolics inhibit the bioconversion
processes. It is recommended to perform neutralization stages with lime to neutralize and
detoxify the solid stream, whose reaction product, such as calcium sulfate or gypsum,
has been used as a co-product in biorefineries based on lignocellulosic biomass [73]. On
the other hand, to remove hemicellulose in five-carbon sugar platform products, LHW,
steam explosion, or dilute acid should be used, while to remove lignin heteropolymer, kraft,
alkali, or LHW pretreatment is recommended. Many authors have previously reported that
pretreatments are efficient when there is the direct formation of sugars or after enzymatic
processes with the least loss of sugars, the formation of inhibitory compounds is limited,
and energy demand and operating costs are minimized [74]. Other research has focused

74



Molecules 2023, 28, 1278

on the fact that pretreatments should remove lignin and hemicellulose, as well as reduce
cellulose crystallinity and increase biomass porosity [27]. Although these definitions have
already been discussed, many focus on the maximum cellulose utilization for bioconversion
processes aimed at biofuels, leaving aside the other lignocellulosic fractions. The present
work focuses on a more exhaustive assessment involving more evaluative indicators of
operability, energy demands, profitability, and environmental and social impact. Therefore,
a first approximation of the sustainability of pretreatment in biorefinery designs is given
through technical, economic, environmental, and social assessment pillars. For example,
under controlled conditions, dilute acid is sustainable because it generates a large amount
of hydrolyzed five-carbon sugars while preserving cellulose, its TRL is high for industrial
application, it has low energy demand, low investment and operating costs, a positive
environmental impact, and good indexes of access to material resources in the social sphere.

The single-step pretreatment efficacy results give a tentative route to the future reac-
tion and downstream processes that should be involved in the early design of biorefineries.
Although the heuristic analysis provides design support, there are certain challenges to
be considered in the biorefinery approach. (i) Insufficient separation of hemicellulose and
lignin in the hydrolyzed liquor requires additional steps for lignin precipitation through
acids, whose concentration can alter the soluble carbohydrates to form degradation com-
pounds. (ii) In pretreatments that are acid-catalyzed, such as dilute acid, organosolv, or
steam explosion, extra design factors must be considered due to the high temperatures used
together with the corrosive action of the acids. Therefore, hot acid corrosion-resistant alloys
must be used for reactor design, which makes the cost of the reactor, exchangers, filters, and
piping an important element of the CapEx as well as possible maintenance costs. (iii) The
main demand for process water in biotechnological processes comes from the pretreatment
stage due to the high feed ratios needed to hydrolyze the lignocellulosic matrix, which
sometimes makes it necessary to add costly chemical reagents that are difficult to recover
and that alter the environmental impact of the waste streams. However, processes such as
organosolv and kraft have been implemented at high scales considering the recovery of
reagents. For example, green liquor causticization of the kraft process after the black liquor
incineration. (iv) High energy use in the first stage of the process (pretreatment), such as
organosolv. Therefore, it is proposed to contemplate energy integration stages to reduce
the demand and costs associated with thermal energy.

During biorefinery design, the integral use of raw materials to produce high-value-
added compounds is essential. Moreover, the objective is to minimize the environmental
impact and costs associated with waste generation and maximize profits through the
production of more compounds. Therefore, the design of pretreatment schemes through
efficacy should involve using the other lignocellulosic fractions that were not considered a
target product. For example, alkali pretreatment for lignin removal was studied without
contemplating the future utilization of cellulose-rich WIS, followed by unhydrolyzed
hemicellulose. Therefore, the pretreatment efficacy study may involve additional schemes
sequentially to utilize each fraction best. Since pretreatment is the critical stage in the
design of biorefineries, as explained by the onion diagram, it is required to optimize
the processes to maximize the production of platform products. Different authors have
studied sequential pretreatments to improve operationally future processing steps, such as
enzymatic hydrolysis [75], buffering problems in the LHW [76], and decrease inhibitory
compounds and residence times [77].

75



M
ol

ec
ul

es
20

23
,2

8,
12

78

Ta
bl

e
7.

Pr
et

re
at

m
en

te
ffi

ca
cy

by
he

ur
is

ti
c

an
al

ys
is

.

Li
gn

oc
el

lu
lo

si
c

Fr
ac

ti
on

Pr
et

re
at

m
en

t

Ev
al

ua
ti

ve
In

di
ca

to
r

R
I

A
I

B
y-

Pr
od

uc
ts

In
hi

bi
to

rs
T

R
L I

E I
C

ap
Ex

O
pE

x
PE

I
SI

I
To

ta
lU

si
ng

ω
1

To
ta

lU
si

ng
ω

2

W
ei

gh
tF

ac
to

r
(ω

1
%

)*

10
10

10
10

10
10

10
10

10
10

10
0

-

W
ei

gh
tF

ac
to

r
(ω

2
%

)*
*

8
10

8
10

12
11

12
12

15
3

-
10

0

C
el

lu
lo

se

W
et

ox
id

at
io

n
9

6
5

8
10

5
4

7
6

8
6.

8
6.

7
R

A
A

E
8

8
6

7
8

1
3

2
0

8
5.

1
4.

5
O

rg
an

os
ol

v
9

8
8

6
4

3
5

6
9

6
6.

3
6.

3
D

ilu
te

d
ac

id
9

6
7

4
9

7
8

8
6

8
7.

2
7.

1
K

ra
ft

9
4

7
7

4
6

5
3

6
6

5.
8

5.
6

Io
ni

c
liq

ui
d

9
9

4
7

8
2

4
1

7
8

5.
9

5.
6

H
em

ic
el

lu
lo

se

LH
W

7
8

8
5

8
8

7
8

8
7

7.
7

7.
6

O
rg

an
os

ol
v

6
7

7
5

3
3

9
8

6
6

6.
4

6.
2

Io
ni

c
liq

ui
ds

8
6

7
3

5
1

7
6

6
8

5.
7

5.
5

D
ilu

te
ac

id
7

4
8

5
8

9
7

8
7

7
7.

1
7.

1
A

R
P

7
7

4
6

8
8

7
6

7
7

6.
8

6.
9

St
ea

m
ex

pl
os

io
n

7
7

9
8

8
8

8
8

8
7

7.
5

7.
5

Li
gn

in

A
lk

al
i

6
8

7
9

10
5

8
6

7
8

7.
4

7.
4

O
rg

an
os

ol
v

6
4

6
6

8
2

4
5

8
8

5.
7

5.
6

K
ra

ft
10

7
7

9
10

6
8

8
7

6
7.

7
7.

8
LH

W
7

3
7

7
8

8
8

8
8

8
7.

2
7.

2
Io

ni
c

liq
ui

d
9

5
7

8
4

8
5

3
8

6
6.

4
6.

3
R

A
A

E
9

9
6

8
4

1
2

1
7

8
5.

6
5.

2

*
W

ei
gh

ti
ng

us
in

g
eq

ua
ld

is
tr

ib
ut

io
n

of
10

%
;*

*
w

ei
gh

ti
ng

us
in

g
st

at
is

ti
ca

la
na

ly
si

s.

76



Molecules 2023, 28, 1278

3. Methodology

The pretreatment assessment in biorefinery schemes was performed based on indica-
tors involving literature data and simulation results. This assessment began with selecting a
processing objective: to identify pretreatments that best isolate each lignocellulosic fraction
separately for further valorization. A screening of pretreatment schemes was performed
considering composition and fraction removal constraints. Afterward, ten indicators were
described and assessed, involving technical, economic, environmental, and social aspects.
Finally, each indicator was scored based on data from the literature and simulation depend-
ing on what is most suitable in the final biorefinery design to improve the sustainability
of the process. The best pretreatment schemes were selected based on the efficacy results
performed by the heuristic analysis.

3.1. Pretreatment Screening

A literature review was performed to determine the best pretreatments to isolate
each lignocellulosic fraction individually, either as a water-insoluble solid (WIS) or in the
pretreatment liquor, considering thermal, chemical, and thermochemical processes. The
screening involved more than 100 updated review and research-type papers (articles from
2018 to 2022) concerning pretreatments with experimental and simulation sections. Biomass
containing a lignocellulosic compositional range of 25% < cellulose < 50%, 20% < hemicellu-
lose < 40%, and 10% < lignin < 35% was chosen to restrict the analysis scope to comparable
raw materials by composition. After the screening, six pretreatments were selected that best
removed or isolated the fractions of interest based on the removal index (RI) (see Equation
(1)), resulting in a total of 18 schemes: six for cellulose, six for hemicellulose, and six for
lignin. Pretreatments with removals to liquor higher than 60% or conservations higher than
80% in the WIS were considered.

Removal (RI) =

(
1 −

Pretreated fractiondry basis

Raw feedstockdry basis

)
× 100% (1)

3.2. Efficacy Assessment

The pretreatment efficacy in biorefineries was assessed based on ten evaluative in-
dicators to obtain the isolated lignocellulosic fraction or a platform product from the
fraction of interest. The indicators were classified as technical (indicators (i)–(vi)), econom-
ical (indicators (vii) and (viii)), environmental (indicators (ix)), and social (indicator (x)).
(i) Lignocellulosic fraction removal (RI). This factor involves the lignocellulosic fractional
amount isolated in the liquor or in the WIS after pretreatment (see Equation (1)). For lignin
and hemicellulose, high individual removals are desired in the hydrolysate, while cellulose
should be minimized. (ii) Accessibility index (AI ). During pretreatment, isolating only
one fraction without altering the others is impossible. Therefore, the AI represents the
accessibility rate of the isolated fraction affected by the remaining fractions or the contami-
nation by undesired fractions. For valorization in the hydrolysate (see Equation (2)), high
RI of undesired fractions lead to liquor contamination (leading to low AI), whereas the
fraction valorization in the WIS (see Equation (3)) requires high RI of undesired fractions
(leading to high AI). (iii) Formation of by-products or hydrolyzed products (HPI). Many
oligomers, monosaccharides, and carboxylic acids are produced from the hydrolysis of
the representative biopolymer biomass [78], which can be considered platform products
in biorefineries for further processing. Thus, higher by-product formation implies higher
valorization proposals to improve biorefinery profitabilities. (iv) Formation of inhibitory
products (IPI ). This indicator involves the number of degradation products inhibitory to
biochemical processes, such as furan compounds, and their removal is essential [79]. Thus,
minimal IPI values are desired for pretreatments. (v) Technology readiness level (TRLI).
Many of the pretreatments are applied at laboratory or pilot scale since their scaling up
is complex due to design and operability factors, cost, and energy demand. Therefore,
the TRLI demonstrates the progress or applicable extent of research and scaling up of the
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technology, as shown in Table 8. (vi) Energy demand (EI ). Utilities, such as steam, cooling
water, and electricity, can be expressed as annual operating expenditures (OpEx). Therefore,
those processes where energy demand is minimized are the most promising for scale-up.
(vii) Capital cost (CapEx) and (viii) OpEx. Higher technological complexity of processing
units and sub-units increases the investment cost, decreasing its attractiveness for investors.
Therefore, these indicators relate to the total investment cost of the pretreatment system
and the operating costs described as raw material, utilities, labor, maintenance, and depreci-
ation, which must be minimal for economic feasibility. (ix) Potential environmental impact
(PEI). Many pretreatments involve chemical additives that are harmful to both humans and
the environment, as well as corrosive, and may damage the durability of the processing
units. Therefore, the PEI considers the environmental impact of pretreatment that should
be minimized. (x) Social impact (SII). This indicator involves comparing energy and water
consumption to national or regional availability, providing a perspective of the level of risk
to the communities surrounding the biorefineries that involve the pretreatment schemes.
The energy and water demand of the process must be minimized so as not to affect the
energy grid and water sources in the country.

Table 8. Indicator scale for the technology readiness level indicator (TRLI).

Scale Description Group

1 Fundamental research
Research2 Technology formulation

3 Applied research (proof of concept)

4 Small-scale development (laboratory scale)
Development5 Scale-up development (pilot scale)

6 Full-scale development

7 System validated in simulation
Innovation8 System validated in real life

9 Commercial application

Accessibility index in the liquor (AI) = 100% − (0.5 RI of undesired fraction1 + 0.5 RI of undesired fraction2) (2)

Accessibility index in the WIS (AI) = 0.5 RI of undesired fraction1 + 0.5 RI of undesired fraction2 (3)

Pretreatment efficacy was assessed using a quantitative approach to heuristic analysis
methodologies [71]. This score was calculated manually based on literature data and used
to estimate the values of indicators (i)–(v) and as inputs for the simulation schemes, such
as for indicators (vi)–(x). The assessment considered a rating from 1 to 10 for each efficacy
indicator, where 1 represents the lowest score and 10 the highest. For the TRLI indicator,
normalizations to a scale of ten were performed according to the data in Table 8. The
ratings were weighted to obtain a comprehensive indicator of each pretreatment based
on the relevance of each parameter (weight factor) using Equation (4), where ωi is the
weight factor and Ii the evaluative indicator. The weight factor was calculated as the ratio
of the specific variability ranges for each indicator over the best-case scenario, as suggested
elsewhere for multi-criteria decisions in biorefineries [80].

Efficacy = ∑n
i ωi×Ii (4)

3.3. Simulation Procedure

For the assessment of the EI, CapEx, OpEx, PEI, and SII indicators, the pretreatment
schemes were simulated in Aspen Plus v9.0 software (Aspen Technologies, Inc., USA),
considering production yields, removals, operating conditions, and feed ratios described in
the literature. A processing flow rate of 50 tons d−1 of rice husk and a simulation scope
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up to filtration or separation of liquor and WIS fractions were assumed. The raw material
characterization is presented in Table 9. The chemical and thermodynamic properties of
cellulose, hemicellulose and lignin were specified based on that reported by the National
Research Energy Laboratory (NREL) [81]. The properties and chemical equilibria of the
liquid and vapor phases were estimated through the Non-Random Two Liquids (NRTL)
thermodynamic method and the Soave–Redlich–Kwong equation of state, respectively.

Table 9. Physicochemical characterization of rice husk.

Parameter Mass Composition (g 100 g−1) on a Dry Basis

Initial moisture 12.01
Cellulose 29.34
Hemicellulose 15.02
Lignin 29.14
Total extract 7.86
Fats 3.80
Protein 1.29
Pectin 13.55
Ash 18.52

3.3.1. Techno-Economic Assessment

The overall pretreatment yields were calculated for each lignocellulosic fraction based
on the initial raw material flow rate. For the cellulose yield, the six-carbon total content in
the WIS was considered, as shown in Equation (5). The oligomers and monosaccharides of
five carbons were used for hemicellulose yield (see Equation (6)). Meanwhile, Equation (7)
involves the solubilized lignin in the liquor fraction. On the other hand, utility requirements
were calculated for steam, cooling water, and electricity. For the CapEx analysis, the
direct cost of the processing equipment was estimated using the Aspen Process Economic
Analyzer v9.0 software (Aspen Technologies, Inc., USA) and based on the mass and energy
balances of the simulations. The CapEx was calculated considering the sum of the direct cost
with mechanical, civil, and instrumentation work as well as piping and electrical wiring.
The OpEx involves raw materials, utilities, maintenance, depreciation, and labor costs.
The raw material cost includes the feedstock and chemical reagents costs (see Table 10).
For utilities, values of 7.89 USD ton−1, 8.07 USD ton−1, 8.15 USD ton−1, and 0.1 USD
kWh−1 were used for low-pressure steam, medium-pressure steam, high-pressure steam,
and electricity, respectively. The cooling and process water cost was calculated using a
Chemical Engineering Plant Cost Index (CEPCI) of 701.4 for 2021. The maintenance was
calculated as 6% of the CapEx and the depreciation using an interest rate of 17% based
on the straight-line method. Finally, the labor cost was estimated considering a wage of
5.21 USD h−1 for an eight-hour shift per day.

Yieldcellulose =
CelluloseWIS

Raw feedstock
× 100% (5)

Yieldhemicellulose =

(
OligomersC5 + MonosaccharidesC5

)
hydrolizate

Raw feedstock
× 100% (6)

YieldLignin =
Ligninhydrolyzate

Raw feedstock
× 100% (7)
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Table 10. Feedstock and chemical reagent cost.

Input Cost (USD ton−1) Reference

Rice husk 20 Colombian regional market

Sodium carbonate 234
Means of Alibaba *Ammonia 450

Ethanol 863 Colombian regional market

Sulfuric acid 94

Means of Alibaba *
Sodium hydroxide 450
Sodium sulfide 350
Ionic liquid 13,500

* Cost calculated as a mean of www.alibaba.com (accessed on 20 November 2022).

3.3.2. Environmental Assessment

The environmental analysis was carried out based on the indicators established by the
Environmental Protection Agency (EPA). The Waste Reduction Algorithm (WAR) software
(Environmental Protection Agency, USA) calculated the potential environmental impact
(PEI), considering only the pretreatment stage as the control volume. Thus, the PEI was
calculated as the difference between the environmental impact generated by the process
input and output streams through five impact categories: terrestrial toxicity potential (TTP),
human toxicity potential by inhalation or dermal exposure (HTPE), human toxicity potential
by ingestion (HTPI), smog formation or photochemical oxidation potential (PCOP), and
acidification potential or acid rain (AP).

3.3.3. Social Assessment

Social analysis is considered one of the three fundamental pillars in determining the
sustainability of a process. Therefore, this work proposed an analysis to determine the social
impact of implementing pretreatment schemes for rice husks related to the local community.
It is important to point out that other categories associated with workers, value chain agents,
and consumers were excluded from the analysis since they could not be identified and
evaluated. For example, a life cycle analysis that includes the agronomic and transport
stages of rice husks is not carried out, hindering the analysis of employees in the value
chain. Therefore, the scope of the social analysis also involved pretreatment schemes from
raw material intake to filtration for obtaining the WIS and the hydrolysate. In this work, it
was assumed that two operators would be working in the pretreatment stage; therefore, an
analysis of employment generated was not performed since it would be constant for all
the schemes. It has previously been reported that two employees can be assumed for each
processing section, involving raw material and reagent reception, pretreatment, reaction,
and separation [82]. Table 11 summarizes the stakeholders, subcategories and indicators
used to evaluate the social impact of the different rice husk pretreatment systems. All
indicators were normalized using statistics and information derived from the industrial
sector in the Colombian context. Additionally, the methodology for the social analysis
was carried out following the Product Social Life Cycle Assessment (PSILCA) database
developed by GreenDelta [83].

Table 11. Social indicators used to evaluate the social impact of pretreatment schemes.

Stakeholder Subcategory Indicator Unit

Local community Access to material resources

Level of industrial water
use (withdrawal)
Level of industrial water
use (renewable)
Energy demand
Extraction of fossil fuels

%
%
%
%
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Stakeholder: Local Community

The social impact caused by the pretreatment schemes was evaluated by considering
a subcategory related to the use of natural resources, energy demand, and fossil fuel
extraction. Thus, the first two indicators associated with using natural resources aim to
assess the level of water use in the industrial sector and the renewable available in the
country. For the water use in the industrial sector, the flow used in each scheme (cooling
water and process water) and the total water used at the national scale in the industrial
sector are correlated. Furthermore, for the renewable water available in the country, the
flow used in each scheme is related to the total water available at the national scale. The
AQUASTAT database from the Food and Agriculture Organization of the United Nations
(FAO) was used to calculate these indicators [84]. On the other hand, the energy demand
indicator relates the energy of each scheme with the national energy demand associated
with the industrial sector. For the calculation of this indicator, the annual reports of the
Mining-Energy Planning Unit (UPME) were used [85]. Finally, the fossil fuel extraction
indicator is understood as the diesel energy (fuel for a steam boiler) required based on the
thermal demand of low, medium, and high-pressure steams in the pretreatment schemes.
This indicator also considers the UPME annual reports. The equations for calculating the
social indicators are summarized in Table 12.

Table 12. Social indicators used to evaluate the social impact.

Indicator Equation

Level of industrial water use (withdrawal) FWUsector =
Wprocess+Wcooling

Wwithdrawal by industry sector in Colombia

Level of industrial water use (renewable) FWUcountry =
Wprocess+Wcooling

Wrenewable in Colombia

Energy demand ED =
Energy demand in process

Energy demand in Colombia

Extraction of fossil fuels EF =
Dieselenergy

National energy demand (diesel)

4. Conclusions

This work demonstrated the definition of pretreatment efficacy in biorefinery schemes
assessed through ten sustainable indicators involving operational considerations, cost-
effectiveness, environmental impact, and social issues, described as follows: (i) ligno-
cellulosic fraction removal; (ii) accessibility index; (iii) formation of by-products or hy-
drolyzed products; (iv) formation of inhibitory compounds; (v) technology readiness level;
(vi) energy demand; (vii) capital costs; (viii) operating costs; (ix) environmental impact;
and (x) social impact. Through an in-depth literature review and process simulation, it was
possible to identify the best pretreatment schemes for individual cellulose isolation and
the removal of hemicellulose and lignin. It was concluded that at a preliminary analysis,
the best pretreatments for cellulose isolation in the WIS are dilute acid, wet air oxidation,
or organosolv. On the other hand, if biorefineries are planned to valorize the hemicel-
lulose fraction, it is recommended to implement LHW, steam explosion, or dilute acid
pretreatments. In lignin-based biorefineries, it is proposed to use kraft, alkali, or LHW
pretreatments. As a main result, an approximation of sustainable pretreatments in the
Colombian context is described due to the assessment of techno-energetic, economic, en-
vironmental, and social indicators.. These results would help future work on designing
complex biorefineries to choose the best pretreatment scheme as it drastically influences
the reaction and downstream processes for product separation.
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Abstract: Arabica-coffee and Theobroma-cocoa agroindustrial wastes were treated with NaOH and
characterized to efficiently remove Pb(II) from the aqueous media. The maximum Pb(II) adsorption ca-
pacities, qmax, of Arabica-coffee (WCAM) and Theobroma-cocoa (WCTM) biosorbents (qmax = 303.0 and
223.1 mg·g−1, respectively) were almost twice that of the corresponding untreated wastes and were
higher than those of other similar agro-industrial biosorbents reported in the literature. Structural,
chemical, and morphological characterization were performed by FT-IR, SEM/EDX, and point of zero
charge (pHPZC) measurements. Both the WCAM and WCTM biosorbents showed typical uneven and
rough cracked surfaces including the OH, C=O, COH, and C-O-C functional adsorbing groups. The
optimal Pb(II) adsorption, reaching a high removal efficiency %R (>90%), occurred at a pH between
4 and 5 with a biosorbent dose of 2 g·L−1. The experimental data for Pb(II) adsorption on WACM
and WCTM were well fitted with the Langmuir-isotherm and pseudo-second order kinetic models.
These indicated that Pb(II) adsorption is a chemisorption process with the presence of a monolayer
mechanism. In addition, the deduced thermodynamic parameters showed the endothermic (∆H0 > 0),
feasible, and spontaneous (∆G0 < 0) nature of the adsorption processes studied.

Keywords: biosorption; Pb(II) removal; agroindustrial waste; heavy metals

1. Introduction

Effluents from industrial activities such as smelting, mining, painting, tanning, etc. are
causing severe environmental pollution by depositing heavy metals, particularly in aquatic
ecosystems [1]. These metals are highly toxic, are not degradable, and can accumulate in
living organisms and affect many of their vital functions. Lead (Pb) is the second most toxic
metal and can adversely affect the nervous, digestive, and reproductive systems and can
even cause death [2,3]. For these reasons and for preventive purposes, for example, the
World Health Organization (WHO) has established the permissible limit of Pb in drinking
water at 0.01 mg L−1 [4].

Various methods are used to remove heavy metals, such as Pb, from wastewater:
coagulation–flocculation, liquid–liquid extraction, ion exchange, and electrochemical treat-
ment. However, these methods have disadvantages such as the high operating costs, long
operating times, and the generation of a large volume of toxic sludge [5,6]. In this con-
text, the removal of contaminants using biological materials (biosorbents), such as algae,
cyanobacteria, fungi, or particularly agroindustrial wastes has become an economical,
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ecological, and promising alternative method compared with the conventional methods
mentioned above [7–10]. These biosorbents can be modified to improve the adsorption ca-
pacity, structural stability, and reusability. The modification can be carried out by chemical
reagents (chemical modification), physical calcination, or grinding methods [11]. In particu-
lar, Calero et al. [12], Moyo et al. [13], Petrović et al. [14], and Ye and Yu [15], among others,
reported that chemical modification, with NaOH, of biosorbent-precursors improved the
removal capacity of Pb.

Peru is an important producer of coffee and cocoa worldwide, with annual productions
of 136 and 218 Kt, respectively [16]. The processing of coffee cherries and cocoa pods
generates wastes at approximately 80% (coffee) [17] and 70% (cocoa) [18,19] of the total
weight of the product, constituting a serious environmental problem for their producing
regions [20]. However, these agro-industrial residues could be used for the effective
cleaning of aqueous ecosystems of the surrounding crops, in which we have evidence that
there is contamination with heavy metals such as Pb.

In this work, we significantly improved the absorption capacity of Pb(II) by means of
alkaline modification (with NaOH) to coffee- and cocoa-untreated wastes [21].

2. Results and Discussion
1.1. Effect of Alkaline Treatment

After treatment with NaOH, both the arabica-coffee and theobroma-cocoa biosorbents
lost weight, 40.2% and 38.4%, respectively (Table 1). This loss may be due to the fact
that, during NaOH treatment, the hydrolysis reactions that take place would cause a
high dissolution of organic compounds from the biomass and, therefore, its considerable
disintegration [12,22].

Table 1. Physical–chemical characteristics of untreated and alkaline treated Arabica-coffee and
Theobroma-cocoa wastes.

WAC
Coffe Waste

WTC
Cocoa Waste

WACM
Coffe Waste

WTCM
Cocoa Waste

Untreated Alkaline Treated a

Point of Zero Charge, pHPZC 4.8 6 6 6.8
Acid titrable sites (mmol g−1) 2.8 × 10−2 1.97 × 10−2 0 0
Basic titrable sites (mmol g−1) 2.12 × 10−2 1.84 × 10−2 2.97 × 10−2 2.63 × 10−2

% Biomass loss due to treatment 40.2 38.4
a 0.1 M NaOH.

The basic titrable sites on both WACM- and WTCM-treated biosorbents were almost
1.4 times higher than that in the respective untreated precursors WAC and WTC (see
Table 1). According to Santos et al. [22], and Bulgariu and Bulgariu [23], among others,
the NaOH treatment provides, due to the hydrolysis reactions, the formation of more
carboxylic (-COO−) and hydroxyl (-OH) groups (basic titrable sites), both in undissociated
as dissociated forms, that improve the Pb-binding properties of WACM and WTCM biosor-
bents. It is interesting to mention the absence of acid-titrable sites on the surface of each
treated biomass (See Table 1).

The point of zero charge, pHPZC, values for WACM and WTCM were higher than
those for WAC and WTC, respectively (Table 1). This result indicates an increase in the
surface basicity of the treated biosorbents, which is consistent with the increase in the
concentration of its basic titrable sites, described above. A similar feature was reported by
Blázquez et al. [24] for olive stone biomass modified with NaOH.

An interesting consequence of the alkaline treatment of the studied biomasses is the
considerable increase in the Pb(II) removal capacity. Thus, taking into account optimal
conditions, described below (Section 1.3), the Pb(II) adsorption capacity qe of WACM
and WTCM were almost three times higher than of corresponding non-treated WAC and
WTC biomasses (see Figure 1). Mangwandi et al. [6], Ren et al. [11], and Gupta et al. [25],
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among others, reported that chemical modification of a biomass considerably improves its
adsorption capacity of heavy metals.
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Figure 1. Pb(II) adsorption capacity qe for Arabica-coffee and Theobroma-cocoa wastes, untreated
(WAC and WTC) and treated (WACM and WTCM) biosorbents. Initial Pb(II) concentration,
C0 = 48.42 mg L−1, biosorbent dose = 2 g L−1, pH 4.

1.2. SEM/EDX and FTIR Analysis

SEM micrographs of the WACM and WTCM biosorbents before and after Pb(II) was
loaded are shown in Figure 2. Typical uneven and rough surface morphologies are observed.
Before adsorption, the images show more porous and less compact structures, than that
with Pb(II) loaded. The results of the EDX spectra (Figure 3) confirmed that Pb(II) is
adsorbed on the surface of both Pb-loaded biosorbents. Furthermore, the disappearance
of the Na peak on these samples (Figure 3 right) can be attributed to ionic exchange with
Pb(II). Similar morphologies were reported by Jaihan et al. [5] in papaya peels loaded
with Pb(II).
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Figure 3. EDX spectra of WACM and WTCM before (left) and after Pb adsorption (right). pH = 4,
C0 = 130.8 mg L−1, T = 293 K, t = 120 min.

Figure 4 shows the FTIR spectra of WACM and WTCM before and after Pb(II) sorp-
tion. The FTIR spectra of the unloaded-Pb samples show the positions of the peaks and
absorption bands (in parentheses for WTCM) at the following:
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Figure 4. FTIR spectra before (black) and after (red) Pb(II) adsorption by WACM (left) and WTCM (right).
pH 4, C0 = 130.8 mg L−1, T = 293 K, t = 120 min.

(1) 3339.3 (3335.7) cm−1, assignable to typical -OH bond stretching vibrations in
samples such as cellulose, lignin, or water [26–29];

(2) 2919.9 (2910.9) cm−1, assignable to the symmetric stretching of the C-H bonds of
aliphatic acids [30];

(3) 1636.2 (1621.6) cm−1 assignable to the asymmetric stretching of the double bond of
C=O carbonyl groups [29];

(4) 1420.4 (1420.4) cm−1, assignable to the stretching C-OH and C=O groups of car-
boxylates [29,31];

(5) 1019.1 (1028.8) cm−1, characteristic of C-O-C stretching in polysaccharides [32];
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The FTIR spectra after Pb(II) was loaded show changes in the intensity and position of
some peaks and bands with respect to those of the clean samples. Thus, for both biosorbents,
the positions of the peaks or bands 1, 3, and 4 are displaced with respect to the clean sample
values at ∆1 = −13.3 (−9.7), ∆3 = −4.9 (−23.2), ∆4 = −8.5 (−3.6) cm−1. These results
indicate that the OH, C=O, and C-O groups would be involved in the biosorption of Pb(II).
A similar behavior was reported, among others, by Barka et al. [33] and Mahyoob et al. [29]
in the removal of Pb(II) by biomasses such as cladodes of prickly pear or olive tree leaves.

1.3. Adsorption Experiments
1.3.1. Influence of pH Solution

The pH plays an important role in the adsorption process and provides necessary
information on the adsorption–desorption mechanisms. The effect of pH was studied in
the range of 2 to 5 (Figure 5) since Pb precipitates, at pH > 5, into Pb(OH)2 [27]. The Pb(II)
adsorption capacity qe, was very low for an acidic medium close to pH 2. It is due to a
competing effect between H+ and Pb(II) ions for fill surface active sites [30,34]. For pH > 2,
qe increased greatly, reaching values of 227.1 and 214.3 mg g−1 at pH 4 for WACM and
WTCM, respectively. With a further increase at pH 5, the qe values showed improvements
by almost 17% for WACM and by only 2% for WTCM. Accordingly, when pH increases,
the repulsive interactions between H+ and Pb(II) ions decrease, facilitating access of Pb(II)
to the surface adsorption sites.
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Figure 5. Influence of pH on the Pb(II) adsorption capacity, qe, for T = 293 K, adsorption time = 120 min,
biosorbent dose = 2 g L−1, C0 = 130.8 mg L−1.

1.3.2. Influence of Biomass Dosage

Figure 6 depicts the Pb(II) removal efficiency, %R, as a function of the biomass dosage.
A significant increase in %R is observed for both the WACM and WTCM biosorbents,
reaching almost 55% and 60%, respectively, for a biomass dosage of 2 g L−1. A further
increase in the dosage produces a slight increase in %R for WTCM but a rapid decrease
for WACM. The latter trend is due to the agglomeration of the WACM biomass, observed
during the experimentation, which would reduce the effective surface area available for
the interaction between Pb(II) and the biosorbent [35].

For both the WACM and WTCM biosorbents, the dose of 2 g L−1 was selected as
the optimal value, which would provide a suitable surface area for the efficient removal
of Pb(II).
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Figure 6. Effect of biomass dosage. T = 293 K, adsorption time = 120 min, pH = 4, C0 = 130.8 mg L−1.

1.3.3. Influence of Initial Pb(II) ion Concentration, C0

The effect of the initial Pb(II) ion concentration C0 on the adsorption capacity qe and
removal efficiency %R was studied in the range of 5.6 to 130.8 mg L−1 (See Figure 7). For
both the WACM and WTCM biosorbents, the highest %R values (>92%) were obtained
for low C0 concentrations (in the range of 5.6 to 40 mg L−1), where the ratio of surface
active sites to the free Pb(II) ions is high, resulting in rapid adsorption [36]. For high C0
concentrations, %R decreased until almost 60% was reached at C0 = 130.8 mg L−1. The
diminishing %R with increasing C0 is attributed to the saturation of the available adsorption
sites [32,36].
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Figure 7. Effect of the initial Pb(II) concentration C0 on qe (dotted lines) and %R (full lines). t = 60 min,
T = 293 K, pH 4, biosorbent dose = 2 g L−1.

On the other hand, the Pb(II) adsorption capacity qe of both the WACM and WTCM
biosorbents showed an opposite trend to %R, since it increases with increasing C0. This
result can be explained considering that for a given amount of adsorbent, an increase in the
amount of Pb(II) ions, in solution, produces a concentration gradient that drives a greater
interaction with the active binding sites of the biosorbent [37,38].
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1.4. Adsorption Isotherms

The adsorption isotherms were studied in a range of initial Pb(II) concentrations C0
between 5.6 and 130.8 mg L−1, at pH 4 and pH 5, and T = 293 K and t = 120 min. The
results are depicted in Figure 8, where Pb(II) adsorption capacity qe vs. Ce concentra-
tion of Pb(II) in equilibrium is presented. These data were fitted to two very common
isotherm models [39,40]: (i) Langmuir model, which assumes solute sorption in monolayers
with a homogeneous sorption energy; (ii) Freundlich model, which assumes multilayer
sorption, with heterogeneous sorption energies. The adjustment parameters with both
models were obtained by fitting the corresponding experimental data [Ce/qe vs. Ce] and
[log(qe) vs. log(Ce)].

Molecules 2023, 28, x FOR PEER REVIEW 7 of 16 
 

 

trations, %R decreased until almost 60% was reached at C0 = 130.8 mg L−1. The diminish-

ing %R with increasing C0 is attributed to the saturation of the available adsorption sites 

[32,36]. 

On the other hand, the Pb(II) adsorption capacity qe of both the WACM and WTCM 

biosorbents showed an opposite trend to %R, since it increases with increasing C0. This 

result can be explained considering that for a given amount of adsorbent, an increase in 

the amount of Pb(II) ions, in solution, produces a concentration gradient that drives a 

greater interaction with the active binding sites of the biosorbent [37,38]. 

 

Figure 7. Effect of the initial Pb(II) concentration C0 on qe (dotted lines) and %R (full lines). t = 60 

min, T = 293 K, pH 4, biosorbent dose = 2 g L−1. 

2.4. Adsorption Isotherms 

The adsorption isotherms were studied in a range of initial Pb(II) concentrations C0 

between 5.6 and 130.8 mg L−1, at pH 4 and pH 5, and T = 293 K and t = 120 min. The results 

are depicted in Figure 8, where Pb(II) adsorption capacity qe vs. Ce concentration of Pb(II) 

in equilibrium is presented. These data were fitted to two very common isotherm models 

[39,40]: i) Langmuir model, which assumes solute sorption in monolayers with a homo-

geneous sorption energy; ii) Freundlich model, which assumes multilayer sorption, with 

heterogeneous sorption energies. The adjustment parameters with both models were ob-

tained by fitting the corresponding experimental data [Ce/qe vs. Ce] and [log(qe) vs. log(Ce)]. 

 

Figure 8. WACM and WTCM adsorption isotherms fitted to Langmuir model. For pH 4 (continuous 

lines) and pH 5 (dotted lines); biosorbent dose = 2 g L−1, t = 120 min, T = 293 K. 

0

20

40

60

80

100

120

0

50

100

150

200

250

0 50 100 150

%
R

q
e

[m
g

 P
b

 (
g

 w
as

te
 m

o
d

if
ie

d
)-1

]

C0 (mg L-1)

WACM (green)

WTCM (orange)

0

50

100

150

200

250

300

0 20 40 60 80

q
e

[m
g

 P
b

 (
g

 w
as

te
 m

o
d

if
ie

d
)-1

]

Ce (mg L-1)

WACM (green)

WTCM (orange)

Figure 8. WACM and WTCM adsorption isotherms fitted to Langmuir model. For pH 4 (continuous lines)
and pH 5 (dotted lines); biosorbent dose = 2 g L−1, t = 120 min, T = 293 K.

We can see (Table 2) that adsorption isotherms are fitted better with Langmuir (R2 close
to 1) than the Freundlich model (R2 ≤ 0.87). From the first model and, for both pH 4 and
pH 5, lower KL and higher maximum sorption capacity qmax values are obtained for WACM
than for WTCM. At pH 5, qmax = 303.0 mg g−1 for WACM is almost 21% higher than the
value at pH 4, while for WTCM, qmax = 223.1 mg g−1 is practically the same at both pHs.

Table 2. Isothermal parameters for Pb(II) adsorption on WACM and WTCM, adjustment to Langmuir
and Freundlich models.

WACM WTCM
Parameters pH = 4 pH = 5 pH = 4 pH = 5

Langmuir model
KL (L·mg−1)

qmax (mg·g−1)
R2

0.32
238.1
~1

0.22
303.0
0.98

0.45
222.2

~1

0.61
223.1
~1

Freundlich model
KF (mg·g−1 L(1/n)·mg−(1/n))

nF
R2

58.47
2.39
0.73

56.78
2.04
0.72

66.08
2.80
0.87

71.69
3.11
0.79

qmax values of agro-industrial wastes, with alkaline treatment, are consigned in Table 3.
We can note that qmax of WACM and WTCM are among the highest. On the other hand, it
is important to mention that that qmax value of the treated biosorbent is almost twice that
of its corresponding untreated precursor [21].
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Table 3. Comparative table of the maximum adsorption capacity qmax of Pb(II), for biosorbents with
alkaline treatment.

Biosorbent Wastes qmax (mg g−1) Reference

Apricot shells
Mangifera indica seed shells

Olive tree pruning
Grape pomace

Moringa oleifera tree leaves
Theobroma cacao; WTCM

Arabica coffee; WACM

37.37
59.25

121.60
137

209.54
223.1
303.0

[35]
[13]
[12]
[14]
[36]

This work
This work

1.5. Kinetic of Biosorption

The kinetic study is of great importance for the practical and effective use of biosor-
bents in the industry [41]. In this work, the kinetic studies were carried out by varying
the adsorption time from 0 to 180 min, at pH 4; C0 = 48.42 and 130.8 mg L−1; biosorbent
dosage = 2 g L−1; and T = 293 K.

The experimental kinetic data were modeled using three adsorption kinetic models
(Table 4): pseudo first-order model, pseudo second-order model, and ploting qt vs. t1/2

(Weber and Morris model). The parameters obtained after the non-linear adjustments,
including correlation coefficient R2, are consigned in Table 4. Figure 9 shows the non-linear
fit of the pseudo second-order equation to the kinetic data.

Table 4. Kinetic parameters of Pb(II) adsorption on WACM and WTCM biosorbents.

Model Parameters WACM WTCM

C0 = 130.8 mg L−1 C0 = 48.42 mg L−1 C0 = 130.8 mg L−1 C0 = 48.42 mg L−1

Pseudo 1st order
k1(min−1)

qe,cal (mg g−1) a

R2

0.075
206.62

0.94

0.063
132.93

0.84

0.075
206.62

0.94

0.043
124.92

0.87

Pseudo 2nd order

k2 (g mg−1 min−1)
qe,cal (mg g−1) a

h
R2

0.0003
249.53
20.99
0.94

0.0006
147.98
13.14
0.93

0.0004
229.99
21.16
0.97

0.0004
141.23

7.98
0.92

Weber and Morris model

kd,I (mg g−1 min−1/2) b

R2

kd,II (mg g−1 min−1/2) b

R2

kd,III (mg g−1 min−1/2) b

R2

75.4
0.94
10.7
0.95
0.12

1

10.9
0.96
0.4
1
-
-

56.2
0.90
12.4
0.89
0.58

1

10.3
0.99
0.7
1
-
-

a Calculated adsorption capacity. b Intraparticle diffusion rate constant.

For both the WACM and WTCM biosorbents, a better correlation (R2 ≈ 1) is obtained
with pseudo-second-order than the first-order adjustment models. This result indicates
that Pb(II) adsorption is a chemisorption process [42]. We can note that the calculated
adsorption capacities qe,cal are close to those determined experimentally and, for a given C0
concentration, greater for WACM than for WTCM. The adsorption rates (k2, rate constant
adsorption and h, initial adsorption rate) are comparable for both biosorbents.

The qt vs. t0.5 data, for both WACM and WTCM biosorbents, are depicted in Figure 10
and fitted with the intra-particle diffusion Weber–Morris model. According to the kd
intra-particle diffusion rate constants (in mg g−1 min−1/2, Table 4), we can distinguish
three parts: The first part shows rapid growth of qt at time t (kd,I > 10.3), particularly
at high initial Pb(II) concentrations (C0 = 130.8 mg L−1), where kd,I can reach values up
to seven times higher than for those at low C0 concentrations (e.g., 48.4 mg L−1). These
results would indicate the rapid absorption of Pb(II) ions on the surface of the biosorbents.
The second part shows slower growth of qt with t (0.16 < kd,II < 12.4), which would be
related to a gradual sorption process, where Pb(II) sorbed would fill the biosorbent pores;
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this part would be related to the diffusion of Pb(II) inside the biosorbent (intraparticle
diffusion) [24]. Finally, the 3rd part shows that qt is practically constant with very low kd,III
values (kd,III < 0.6). It indicates that the equilibrium between Pb(II) ions in the solution and
the sorbent surface is reached.

Molecules 2023, 28, x FOR PEER REVIEW 9 of 16 
 

 

 

Figure 9. qt vs. time t. C0 = 48.4 (continuous lines) and 130.8 mg L−1 (dotted lines); dose = 2 g L−1, T = 

293 K. qt = amount Pb(II) removed per mass unit of biosorbent at time t. 

Table 4. Kinetic parameters of Pb(II) adsorption on WACM and WTCM biosorbents. 

Model Parameters WACM  WTCM  

  
C0 = 130.8 

mg L−1 

C0 = 48.42 

mg L−1 

C0 = 130.8 

mg L−1 

C0 = 48.42 

mg L−1 

Pseudo 1st order 

k1(min−1) 

qe,cal (mg g−1)a 

R2 

0.075 

206.62 

0.94 

0.063 

132.93 

0.84 

0.075 

206.62 

0.94 

0.043 

124.92 

0.87 

Pseudo 2nd order 

k2 (g mg−1 min−1) 

qe,cal (mg g−1)a 

h 

R2 

0.0003 

249.53 

20.99 

0.94 

0.0006 

147.98 

13.14 

0.93 

0.0004 

229.99 

21.16 

0.97 

0.0004 

141.23 

7.98 

0.92 

Weber and Morris 

model 

kd,I (mg g−1 min−1/2)b 

R2 

kd,II (mg g−1 min−1/2)b 

R2 

kd,III (mg g−1 min−1/2)b 

R2 

75.4 

0.94 

10.7 

0.95 

0.12 

1 

10.9 

0.96 

0.4 

1 

- 

- 

56.2 

0.90 

12.4 

0.89 

0.58 

1 

10.3 

0.99 

0.7 

1 

- 

- 
a Calculated adsorption capacity. b Intraparticle diffusion rate constant. 

For both the WACM and WTCM biosorbents, a better correlation (R2  1) is obtained 

with pseudo-second-order than the first-order adjustment models. This result indicates 

that Pb(II) adsorption is a chemisorption process [42]. We can note that the calculated ad-

sorption capacities qe,cal are close to those determined experimentally and, for a given C0 

concentration, greater for WACM than for WTCM. The adsorption rates (k2, rate constant 

adsorption and h, initial adsorption rate) are comparable for both biosorbents. 

The qt vs. t0.5 data, for both WACM and WTCM biosorbents, are depicted in Figure 

10 and fitted with the intra-particle diffusion Weber–Morris model. According to the kd 

intra-particle diffusion rate constants (in mg g−1 min−1/2, Table 4), we can distinguish three 

parts: The first part shows rapid growth of qt at time t (kd,I > 10.3), particularly at high 

initial Pb(II) concentrations (C0 = 130.8 mg L−1), where kd,I can reach values up to seven 

times higher than for those at low C0 concentrations (e.g., 48.4 mg L−1). These results would 

indicate the rapid absorption of Pb(II) ions on the surface of the biosorbents. The second 

part shows slower growth of qt with t (0.16 < kd,II < 12.4), which would be related to a 

Figure 9. qt vs. time t. C0 = 48.4 (continuous lines) and 130.8 mg L−1 (dotted lines); dose = 2 g L−1,
T = 293 K. qt = amount Pb(II) removed per mass unit of biosorbent at time t.

Molecules 2023, 28, x FOR PEER REVIEW 10 of 16 
 

 

gradual sorption process, where Pb (II) sorbed would fill the biosorbent pores; this part 

would be related to the diffusion of Pb(II) inside the biosorbent (intraparticle diffusion) 

[24]. Finally, the 3rd part shows that qt is practically constant with very low kd,III values 

(kd,III < 0.6). It indicates that the equilibrium between Pb(II) ions in the solution and the 

sorbent surface is reached. 

 

Figure 10. Weber–Morris plots of Pb(II) adsorption on WACM and WTCM. C0 = 48.4 (continuous 

lines) and 130.8 mg L−1 (dotted lines). 

2.6. Biosorption Thermodynamics 

ΔG0 was calculated from Equations 4 and 5. The plot lnKc vs. 1/T (eq. 7), depicted in 

Figure 11, was fitted using the least squares method, aiming to calculate the ΔH0 and ΔS0 

values. The results are consigned in Table 5 and indicate that the Pb(II) adsorption process 

on both the WACM and WTCM biosorbents is: i) feasible, spontaneous (positive ΔG0 val-

ues), and more favorable with increasing temperature; ii) endothermic by nature (positive 

ΔH0 values); and iii) a process with increasing randomness (positive ΔS0 values) at the 

solid–liquid interface [43]. 

Similar results were reported by Song et al. [27], Morosanu et al. [31], Milojkovic et 

al. [44], among others, for Pb(II) removal by Auricularia auricular spent substrate, rapeseed 

biomass, and Myriophyllum spicatum and its compost, respectively. However, a feasible, 

spontaneous, but exothermic process of Pb(II) adsorption was also reported by Petrović et 

al. [14] when removing Pb(II) with a hydrochar of grape pomace. Mahyoob et al. [29] de-

termined that Pb(II) adsorption on co-processed olive tree leaves was an exothermic pro-

cess with decreasing randomness (negative ΔS0). 

0

50

100

150

200

250

0 2 4 6 8 10 12 14 16

q
t
[m

g
 P

b
 (

g
 w

as
te

 m
o

d
if

ie
d

-1
)]

t^(0.5)

I II III

WACM (green) 

WTCM (red) 

WACM (green) 

WTCM (orange) 

Figure 10. Weber–Morris plots of Pb(II) adsorption on WACM and WTCM. C0 = 48.4 (continuous lines)
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1.6. Biosorption Thermodynamics

∆G0 was calculated from Equations (4) and (5). The plot lnKc vs. 1/T (Equation (7)),
depicted in Figure 11, was fitted using the least squares method, aiming to calculate the
∆H0 and ∆S0 values. The results are consigned in Table 5 and indicate that the Pb(II)
adsorption process on both the WACM and WTCM biosorbents is: (i) feasible, spontaneous
(positive ∆G0 values), and more favorable with increasing temperature; (ii) endothermic
by nature (positive ∆H0 values); and (iii) a process with increasing randomness (positive
∆S0 values) at the solid–liquid interface [43].
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Table 5. Thermodynamic parameters for Pb(II) adsorption on WACM and WTCM.

∆H0 (kJ mol−1) ∆S0 (J mol−1 K−1)
∆G0 (kJ mol−1)

293 K 303 K 313 K

WACM 22.5 88.9 −35.90 −44.42 −53.70
WTCM 25.4 97.2 −31.26 −41.32 −50.70

Similar results were reported by Song et al. [27], Morosanu et al. [31], Milojkovic et al. [44],
among others, for Pb(II) removal by Auricularia auricular spent substrate, rapeseed biomass,
and Myriophyllum spicatum and its compost, respectively. However, a feasible, spontaneous,
but exothermic process of Pb(II) adsorption was also reported by Petrović et al. [14] when
removing Pb(II) with a hydrochar of grape pomace. Mahyoob et al. [29] determined
that Pb(II) adsorption on co-processed olive tree leaves was an exothermic process with
decreasing randomness (negative ∆S0).

2. Materials and Methods
2.1. Preparation of Biosorbents

Arabica-coffee (WAC) and Theobroma-cocoa (WTC) waste were obtained from the
Satipo and Chanchamayo provinces, respectively, located at Junín, Perú. Both samples
were previously washed with abundant distilled water, dried in an oven at 60 ◦C for
48 h, and finally ground. WAC and WTC were treated with a 0.1 M NaOH solution in a
solid–liquid ratio of 1:10 (g biomass: mL solution) for 24 h with constant stirring at 300 rpm.
Once treated, both products were filtered and washed with abundant deionized water and
then were dried in an oven at 60 ◦C for 48 h, and finally, both treated samples (WACM and
WTCM) were ground again and homogenized with a 70 mesh sieve.

The alkaline treatment of precursor wastes produced a biomass loss. The percentage
loss was determined as the difference between the initial sample weight (before treatment)
and the final sample weight (after treatment)

All chemical reagents used in this work were of analytical grade.
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2.2. Biosorbent Characterization

• The point of zero charge (pHPZC) study was evaluated according to the methodology
reported by do-Nascimento et al. [45]. A mixture of 0.05 g of biomass with 50 mL of an
aqueous solution under different initial pHs (pH0) ranging from 1 to 12 was prepared.
The acid dilutions were prepared from a 1 M HCl solution, while basic dilutions were
from 1 M NaOH. After 24 h of equilibrium, the final pHs (pHf) were measured.

• The concentrations of the acid and basic groups (or acid/basic titrable sites) on the
surface of WACM and WTCM were determined using the Boehm method reported by
Aygun et al. [46]. For acid titrable sites (between brackets for basic sites), mixtures of
0.25 g (0.5 g) of the biosorbent with 50 mL of a standardized 0.05 M NaOH (0.1 M HCl)
solution were prepared. All the mixtures were shaken, at room temperature, for 24 h
at 100 rpm, and then, for each mixture, 20 mL (10 mL) of the supernatant liquid was
pipetted and excess acid (base) was adequately titrated using bromocresol blue or
phenolphtalien) as an indicator.

• Fourier transform infrared (FTIR, SHIMADZU IR Affinity) spectroscopy, over a spec-
tral range of 4000 to 500 cm−1 was used to characterize the functional groups present
on the surface of WACM and WTCM before and after Pb(II) biosorption.

• Morphological and elemental analysis on the surface of biosorbents were performed
by Scanning Electron Microscopy (SEM) coupled with EDX (Energy Dispersive X-rays
spectroscopy) (LEO 440 model).

2.3. Adsorption Experiments

Batch experiments were carried out using Pb(NO3)2 solution, with varying Pb(II)
concentrations between 5.63 to 130.8 mg L−1. The dose of the modified biomass was varied
in the range of 0.5 to 6 g L−1 and adjusted to a pH in the range of 2.0 to 5.0 (using LAQUA
PH1200) by adding 0.01 M HNO3 or 0.01 M NaOH. The solutions, at room temperature,
were stirred to 150 rpm for 120 min, and the samples were taken at certain time intervals.

The Pb(II) concentrations, before and after adsorption, were evaluated using an Atomic
Absorption Spectrophotometer (SHIMADZU-AAS 6800). All adsorption experiments were
replicated three times, and the results were averaged.

Pb(II) adsorption capacity qe(in mg g−1) and removal efficiency (%R) were determined
using Equations (1) and (2), respectively [9].

qe =
(C0 − Ce) × V

m
(1)

%R =
(C 0−Ce)

C0
× 100 (2)

where C0 and Ce (in mg·L−1) are the initial and equilibrium final Pb(II) concentrations,
respectively, and V (in L) is the volume of solution and m (in g) is the biosorbent mass.

The adsorption isotherms and kinetic data were obtained by contacting a biomass
dose of 2 g L−1 with different Pb(II) concentrations at pH 4 (also pH 5 for isotherms). The
experimental data were adjusted to the corresponding adsorption models described in
Table 6 (isotherms) and Table 7 (kinetic).

Table 6. Adsorption isotherm models.

Model Equation Parameters

Langmuir Ce
qe

= 1
qmxkL

+ Ce
qmx

qe (mg g−1): adsorption capacity
Ce (mg L−1): adsorbate concentration in equilibrium
qmax (mg g−1): maximum sorption capacity
kL (L mg−1): Langmuir constant related to the affinity between
sorbent and sorbate

Freundlich lnqe = lnkF + 1
n lnCe

kF (mg g−1 L(1/n)·mg−(1/n)): equilibrium constant
n: constant related to the affinity between sorbent and sorbate
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Table 7. Kinetic adsorption models.

Model Equation Parameters

Pseudo-first order qt = qe
(
1 − e−K1t) qe (mg g−1): adsorption capacity

qt (mg g−1): amount of Pb(II) retained per unit biomass at time t.
k1 (min−1): first-order kinetic constant
k2 (g (mg min)−1): rate constant adsorption
h (mg(g min)−1): initial adsorption rate

Pseudo-second order qt = qe
qeK2t

1+qeK2t

h = k2q2
e

Weber and Morris qt = kdt1/2 + B
kd (mg g−1 min−1/2): intraparticle diffusion rate constant
B (mg g−1): constant related to the thickness of the adsorbent
boundary layer

2.4. Thermodynamic Parameters

This study was carried out by varying the temperature from 293 to 313 K (20 to 40 ◦C)
using a biosorbent dose of 2 g L−1, an initial Pb(II) concentration C0 = 130.8 mg L−1, and a
contact time 120 min at pH 4. Parameters such as free energy change ∆G◦, enthalpy change
∆H◦, and entropy change, ∆S◦ for the adsorption process studied were calculated using
Equations (3)–(6) [47,48]:

Kc =
Ces

Ce
(3)

∆Go = −RTLnKc (4)

∆Go = ∆Ho − T∆So (5)

lnKc =
∆So

R
− ∆Ho

RT
(6)

where R is the ideal gas constant (8.314 J mol−1 K−1); T is the absolute temperature of
the solution; Kc is the thermodynamic equilibrium constant; and Ces and Ce are Pb(II)
concentrations at equilibrium, respectively, in the biosorbent and solution.

3. Conclusions

Arabica-coffee (WACM) and Theobroma-cocoa (WTCM) biosorbents were chemically
modified, with 0.1 M NaOH to improve their Pb(II) adsorption capacities an aqueous
medium. After treatment, both WACM and WTCM biosorbents lost weight 40.2% and
38.4%, respectively.

The point of zero charge, pHPZC values at 6 and 6.8, for WACM and WTCM, respec-
tively, were higher than those for the corresponding WAC and WTC untreated samples.
These measurements were consistent with the concentration of basic titrable sites, which
was almost 1.4 times higher for treated than untreated biosorbents. The basic sites would be
associated with the OH, C=O, COH, and C-O-C functional groups, which were identified
by FTIR measurements.

SEM/EDX analyses showed typical uneven and rough surface morphologies, more
porous and less compact for clean than for Pb(II)-loaded biosorbents.

Both the WACM and WTCM biosorbents reached high Pb(II) removal efficiency
%R values (>90%) for a biomass dosage of 2 g L−1 at pH between 4 and 5, with initial
Pb(II) concentrations C0 in the range of 5 to 40 mg L−1. For these conditions, the Pb(II)
adsorption capacity qe of WACM (and WTCM) was almost three times higher than that of
the corresponding untreated biosorbent.

The adsorption isotherm data were well fitted with the Langmuir model (monolayer
adsorption mechanism), which provided, at pH 5, maximum Pb(II) adsorption capacities,
qmax, equal to 303.0 and 223.1 mg g−1 for WACM and WTCM, respectively. These values
are i) twice those corresponding to untreated samples and ii) higher than for other similar
alkaline-treated biosorbents reported in the literature.

The adsorption kinetic data were well fitted with the pseudo-second-order model,
indicating that the Pb(II) adsorption on WACM and WTCM was a chemisorption process.
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This process, according to our thermodynamic results, can be characterized as endothermic
(∆H0 > 0), feasible, and spontaneous (∆G0 < 0) and with an increasing randomness (∆S0 > 0)
at the solid–liquid interface.
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Abstract: The production of biofuels, such as bioethanol from lignocellulosic biomass, is an important
task within the sustainable energy concept. Understanding the metabolism of ethanologenic microor-
ganisms for the consumption of sugar mixtures contained in lignocellulosic hydrolysates could allow
the improvement of the fermentation process. In this study, the ethanologenic strain Escherichia coli
MS04 was used to ferment hydrolysates from five different lignocellulosic agroindustrial wastes,
which contained different glucose and xylose concentrations. The volumetric rates of glucose and
xylose consumption and ethanol production depend on the initial concentration of glucose and
xylose, concentrations of inhibitors, and the positive effect of acetate in the fermentation to ethanol.
Ethanol yields above 80% and productivities up to 1.85 gEtOH/Lh were obtained. Furthermore, in
all evaluations, a simultaneous co-consumption of glucose and xylose was observed. The effect of
deleting the xyIR regulator was studied, concluding that it plays an important role in the metabolism
of monosaccharides and in xylose consumption. Moreover, the importance of acetate was confirmed
for the ethanologenic strain, showing the positive effect of acetate on the co-consumption rates of
glucose and xylose in cultivation media and hydrolysates containing sugar mixtures.

Keywords: lignocellulosic hydrolysates; Escherichia coli; bioethanol; monosaccharides co-consumption;
catabolite repression

1. Introduction

Ethanol is an important commodity in transportation and industry, as it is considered
a sustainable, renewable and eco-friendly energy source [1]. Unlike oil-derived fossil fuels,
ethanol can be produced from renewable lignocellulosic biomass through microbial fermen-
tation; particularly, the synthesis of ethanol using slurries from agroindustrial residues as
culture media has additional economic and environmental benefits [2]. Therefore, several
methodologies have been applied for the pretreatment of these feedstocks to obtain slurries
enriched with fermentable sugars [3]. It is important to note that lignocellulose has three
main components: cellulose, hemicellulose, and lignin. These components are arranged
into macrofibrils that confer structural stability to the plant cell wall [4]. When these fibrils
are pretreated with diluted acid, they release syrups containing fermentable sugars, mainly
glucose and xylose.

Lignocellulose is found in agricultural waste, which is considered a major global
issue as it is underutilized and produced in huge quantities, making it a contaminant of
difficult disposal. Latin American countries, such as Mexico and Colombia, are known
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for their variety of agricultural and timber products, making them major producers of
agricultural waste [5]. In Mexico, the production of tequila and mezcal generates more
than 360,000 metric tons of agave bagasse per year [6]. Otherwise, 42 million tons of
corn stover are generated each year [7], making these residues some of the most rele-
vant in the country, as they have high potential to be used as feedstock in the synthesis
of value-added products. Timber is another important industry in Mexico. For exam-
ple, the production of teak wood constitutes 29,000 ha of planted trees around the coun-
try (https://www.eleconomista.com.mx/opinion/Plantaciones-forestales-comerciales-de-
teca-en-Mexico-II-20190110-0137.html (accessed on 20 October 2022)); thus, the residues
that this industry produces in Mexico are also significant. Meanwhile, Colombia is one
of the most important producers of coffee in the world [8], where spent coffee grounds
constitute the main byproduct, with potential to be converted into ethanol, biodiesel and
other high-value biorefinery products [9]. Finally, in recent decades, the production of
barley has increased to approximately 140 million tons per year due to the rise in craft
breweries and its use for animal and human consumption [10], making the development of
processes for its waste valorization an attractive venture.

The residues from the agroindustrial crops mentioned above contain different concen-
trations of fermentable sugars. Nevertheless, their use as feedstocks to produce value-added
products such as ethanol represents an important economic and environmental oppor-
tunity for the mentioned countries. Hence, the study of ethanologenic fermentation of
hydrolysates obtained under different treatment conditions and with different concen-
trations of sugars and inhibitors is relevant for the development and improvement of
specific production processes for each agricultural waste. However, wild-type ethanolo-
genic microorganisms are not able to efficiently ferment all the sugars contained in the
hydrolysate slurries, which limits the use of lignocellulosic residues for ethanol produc-
tion [11]. Therefore, metabolically engineered ethanologenic Escherichia coli strains that
produce ethanol from glucose or xylose have previously been developed. These strains
achieved yields of up to 90% when cultured in mineral media or in certain lignocellulosic
hydrolysates [7]. Furthermore, unlike other common ethanologenic microorganisms such
as yeast, E. coli can consume different hexoses and pentoses such as glucose, mannose
and galactose, and xylose and arabinose. Nonetheless, E. coli preferentially consumes
glucose over other sugars; therefore, the fermentation of pentoses, such as xylose, becomes
inefficient and is often not completed [12]. The preference in glucose consumption is due to
the phosphoenolpyruvate-dependent glucose phosphotransferase system (PTS) [13]. This
system is involved in the regulation of several cellular processes, such as carbon catabolite
repression, and is part of a global regulatory network controlling the capability of cells to
find, select, transport and metabolize several types of carbon sources [14].

On the other hand, the transport and metabolism of xylose in E. coli are mediated
by two major transcriptional units, xylFGHR and xylAB, whose expression is governed
by promoters activated by xylose and repressed by glucose [15]. However, the xylose
operon regulatory protein xylR has a weak non-sugar regulated promoter [16]. Moreover,
it has been shown that in the presence of xylose, xylR forms a dimmer that activates
transcription of the transcriptional units mentioned above [17]. It has also been reported
that in wild-type and ethanologenic strains of E. coli, two-point mutations on the xylR gene
release the carbon catabolic repression of glucose and arabinose over xylose, since they
provide a higher binding affinity to the DNA of promoter regions for the xylose catabolic
operons [16].

In this work, the metabolic engineered E. coli strain MS04 was used for ethanologenic
fermentation of lignocellulosic syrups from different agricultural wastes. Fermentations in
simulated hydrolysates were also performed as controls. Co-fermentation of hexoses and
pentoses, glucose and xylose, as well as ethanol production, were evaluated in E. coli MS04
and a mutant of this strain. This work discusses the simultaneous consumption of glucose
and xylose by E. coli MS04 in different lignocellulosic hydrolysates and mineral media,
while also analyzing potential causes for the lack of catabolite repression in the strain.
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2. Results and Discussion
2.1. Co-Consumption of Glucose and Xylose by E. coli MS04 in Simulated Media and Plant
Hydrolysates Containing High Glucose Concentration

E. coli MS04 was used for ethanol production in laboratory-simulated hydrolysates
(LSH) with the so-called AM1 mineral medium (see Section 3) supplemented with glucose
and xylose (Figure 1a), as well as agroindustrial lignocellulosic hydrolysates (ALH), such
as teak wood residues (Figure 1b) and agave bagasse (Figure 1c). Given that enzymatic
saccharification was performed after pretreatment and before fermentation, the glucose
concentration of the slurries was higher than that of xylose. Kinetic and stoichiometric
parameters are shown in Table 1.
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Figure 1. Glucose and xylose consumption and ethanol production by E. coli MS04 in LSH and ALH 

with syrups containing relatively high glucose concentrations and lower amounts of xylose. (a) 

Mineral medium, (b) teak wood, (c) agave bagasse. 

Figure 1. Glucose and xylose consumption and ethanol production by E. coli MS04 in LSH and
ALH with syrups containing relatively high glucose concentrations and lower amounts of xylose.
(a) Mineral medium, (b) teak wood, (c) agave bagasse.
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Table 1. Ethanol yields and volumetric parameters for the fermentation of hydrolysates with relatively
high glucose concentrations (values in parenthesis indicate standard error from duplicates).

Parameter Control LSH Teak Wood Agave Bagasse

Xmax (gDCW/L) 1.69 ND ND
µ (h−1) 0.16 ND ND

YEtOH(%) 88 92 (5) 81 (5)
Qglc (gglu/Lh) 1.61 0.72 (0.00) 1.59 (0.02)
Qxyl (gxyl/Lh) 0.69 0.18 (0.02) 0.73 (0.01)

QEtOH (gEtOH/Lh) 0.92 0.42 (0.02) 0.96 (0.05)
Xmax: maximum cell mass concentration, DCW: dry cell weight, ND: not determined, µ: specific growth rate,
YEtOH: ethanol yield from consumed sugars; Qglc: volumetric consumption rate of glucose, Qxyl: volumetric
consumption rate for xylose, QEtOH: volumetric productivity of ethanol.

Although both ALH and LSH have different sugar concentrations, it is interesting to
note that both sugars were consumed simultaneously. In all the evaluated hydrolysates,
most of the sugars were consumed between 5 and 20 h after the start of the experiments
(Figure 1b,c). Depending on the hydrolysate, the volumetric consumption rate of glu-
cose (Qglc) was 1.5 to 4 times higher than the consumption rate for xylose (Qxyl). In
addition, the volumetric productivity of ethanol (QEtOH) also shows a broad range of
values (Table 1). Therefore, the variations in volumetric consumption and production
rates appear to be determined by the nature of the residue and the initial concentration of
fermentable monosaccharides.

The fermentation of the teak wood hydrolysate showed the lowest volumetric sugar
consumption rates, as 25% and 53% of the initial glucose and xylose, respectively, remained
at the end of the tests (Figure 1b). These low sugar consumption and ethanol productivity
rates were due to the relatively high amounts of phenolic-derived compounds such as
vanillin, vanillic acid, guaiacol and catechol [18] contained in these slurries (12 g/L),
which are toxic to E. coli in concentrations above 1 g/L [19]. On the other hand, agave
bagasse hydrolysates have been previously fermented into ethanol by yeasts, achieving
productivities between 0.5 and 7.2 gEtOH/Lh [20,21]; however, in such studies, there were
low consumption rates of pentoses. Similar results were reported for the fermentation of
pine hydrolysates amended with yeast extract and fermented with the ethanologenic E. coli
KO11, where a Qp of 0.73 g/Lh was achieved without a complete xylose depletion [22].
Meanwhile, the use of ethanologenic E. coli MS04 in agave bagasse hydrolysate has shown
yields and productivities of 81.6–85.3% and 0.68–1.2 gEtOH/Lh for treatments with ionic
liquids and organosolv, respectively [23]. These values are in accordance with those
obtained in the present work (Table 1). Additionally, in both studies, a simultaneous
consumption of glucose and xylose was observed, which in turn enhanced the efficiency of
the fermentation process.

As shown in Figure 1, despite the differences in biomass treatment conditions and the
varying contents of glucose and xylose in the hydrolysates, the co-consumption of hexoses
and pentoses was noteworthy in all three experiments. Furthermore, in the case of teak
wood hydrolysates, the higher amount of available glucose at the initial fermentation times
and the content of inhibitory amounts of phenolic compounds did not seriously hinder the
consumption of sugars.

2.2. Co-Consumption of Glucose and Xylose by E. coli MS04 in Simulated and Plant Hydrolysates
Containing High Xylose Concentration

Low-glucose-concentration syrups obtained from the thermochemical hydrolysis of
corn stover (Figure 2b), barley straw (Figure 2c) and spent coffee grounds (Figure 2d)
were used as media for ethanol production with E. coli MS04. It is important to note that,
except for the one pertaining to the coffee grounds, the used slurries were not saccharified
before the fermentation process. These results show that the simultaneous consumption of
both monosaccharides was also observed when using lignocellulosic slurries with higher
xylose concentrations.
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Figure 2. Glucose and xylose consumption and ethanol production by E. coli MS04 in LSH and ALH 

with higher proportions of xylose. (a) Mineral medium, (b) corn stover, (c) barley straw, (d) spent 

coffee grounds. 
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Figure 2. Glucose and xylose consumption and ethanol production by E. coli MS04 in LSH and ALH
with higher proportions of xylose. (a) Mineral medium, (b) corn stover, (c) barley straw, (d) spent
coffee grounds.

Regarding spent coffee grounds (Figure 2d), this biomass has been used as feedstock
for biodiesel production due to its chemical composition and desirable lipid profile [24];
however, the relatively high proportion of carbohydrates contained in this residue (approx-
imately 13% and 42% of cellulose and hemicellulose, respectively) also makes it a suitable
source for bioethanol production [9]. For example, in previous studies, ethanol production
from spent coffee grounds hydrolysates was performed by using the yeast S. cerevisiae
as a biocatalyst, achieving YEtOH and QEtOH up to 91% and 1.0 g/Lh, respectively [25],
from the consumption of glucose. This productivity rate is on average 2.6 times higher
than that reported in our study (Table 2). Nevertheless, an advantage of using E. coli
MS04 as an ethanol-producing microorganism is that it allows the use of hexoses and
pentoses as substrate. Furthermore, prior to fermentation, an extraction of oils and phenolic
lignin derivatives from the spent coffee ground hydrolysates could be a suitable strategy to
improve ethanol productivity in cultures with E. coli [26].

Table 2. Ethanol yields and volumetric parameters for the fermentation of hydrolysates with relatively
high xylose concentrations (values in parenthesis indicate standard deviation from triplicates).

Parameter Control LSH Corn Stover Barley Straw

Xmax (gDCW/L) 1.61 ND ND
µ (h−1) 0.19 ND ND

YEtOH(%) 75 81 (1) 82 (4)
Qglc (gglc/Lh) 0.61 0.31 (0.01) 0.35 (0.02)
Qxyl (gxyl/Lh) 1.29 0.52 (0.02) 0.77 (0.03)

QEtOH (gETOH/Lh) 0.72 0.25 (0.02) 0.36 (0.01)

Fermentation of hydrolysates from corn stover (Figure 2b) and barley straw (Figure 2c)
did not show a clear co-consumption of both monosaccharides because their initial glu-
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cose concentrations were under 4 g/L. This issue makes the analysis difficult because, as
reported in previous studies, under limited-oxygen conditions, low glucose concentrations
trigger high transcriptional levels of ptsG, a gene that is directly involved in catabolic
repression, in turn affecting metabolic cellular regulation [27]. In addition, the glucose
uptake rate is limited by glucose concentration [28], which explains the lower Qglc for these
syrups (Table 2). Meanwhile, similarly to sugar consumption rates, QEtOH seems to be
negatively affected by the initial sugar concentration, being 0.5 to 4 times lower than other
reports for ethanol production from corn and barley [29,30]. Furthermore, a YEtOH above
80% demonstrates that low glucose concentration affects the kinetics of the process but not
the yields.

As expected, xylose uptake rates were higher than glucose rates in media with low
glucose concentrations (Table 2) since sugar consumption is less regulated in these cases [29].
The only exception to this is the case of coffee grounds, where Qglc was higher than Qxyl
(Table 2). From these results, we can infer that the kinetics of sugar consumption and
ethanol production not only depend on the proportion of sugars, but also on the hydrolysate
composition. This statement is reinforced when comparing the results for control cultures
in mineral media (Tables 1 and 2), where the cell growth expressed as Xmax and µ is similar,
and QEtOH is only slightly lower for the medium with more xylose, despite the differences
in sugar consumption rates.

Taking into consideration the previously discussed results, this work aims to gain fur-
ther insight into what causes the co-consumption of xylose and glucose with the ethanolo-
genic E. coli MS04.

2.3. The Lack of Acetate in the Mineral Media Negatively Affects Sugar Consumption

One of the most studied inhibitory compounds contained in ALH is acetate, which is
released during hemicellulose hydrolysis in concentrations between 1.5 and 13 g/L [31].
Nevertheless, some ethanologenic E. coli strains have shown tolerance and improved
growth under certain concentrations of acetate; specifically, E. coli strain MS04 grows at
higher rates when at least 2 g/L of acetate is present in the culture medium, and it is
able to tolerate acetate concentrations of up to 10 g/L [32]. In addition, E. coli can co-
consume mixtures of glucose, arabinose and xylose at a higher rate in the presence of
acetate than when it is absent [33]. Accordingly, we studied the co-consumption of these
three monosaccharides (at initial concentrations of 25 g/L of each sugar) and ethanol
production by E. coli MS04 in mineral media without acetate (WOA) and with acetate (WA)
at an initial concentration of 2 g/L.

The curves in Figure 3b,c show the positive effect that acetate has on the rates of
sugar consumption, ethanol production and in maximum cell concentration (Table 3). In
medium WA, glucose was completely consumed after 48 h, with minor amounts of xylose
and arabinose remaining after this elapsed fermentation time, but these pentoses were
completely consumed after 72 h (Figure 3b). Although the glucose consumption rate was
50% higher than the xylose and arabinose consumption rate (Table 3), it is important to
note that there was simultaneous uptake of the three sugars and that a high ethanol yield
was observed. On the contrary, the fermentation in the medium WOA showed lower and
more variable sugar consumption (Figure 3c). Therefore, after 48 h, 6%, 39% and 22% of
the initial concentrations of glucose, xylose and arabinose remained in the culture media,
respectively. In addition, QEtOH and Xmax (Table 3) were also 94% and 72% lower compared
to the medium WA. Regarding µ values, the rate of cell growth does not seem to be affected
by the presence of acetate.

The results described above demonstrate that under non-aerated conditions, moderate
concentrations of acetate improve the consumption of sugars and the production of ethanol
by E. coli MS04. This is due in part to the strain’s necessity for acetyl CoA generation as the
pflB gene was deleted [32].
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Figure 3. Kinetics of cell growth (a); glucose, xylose and arabinose consumption (25 g/L each at 

initial time), and ethanol production by E. coli MS04 in mineral media WA 2 g/L (b) and WOA (c). 

Table 3. Ethanol yields and volumetric parameters for fermentation of 25 g/L (each) glucose–xylose–

arabinose mixtures by E. coli MS04 in mineral media WA 2 g/L and WOA (values in parenthesis 

indicate standard error from duplicates). 

Parameter WA WOA 

µ (h−1) 0.14 (0.00) 0.13 (0.00) 

Xmax (gDCW/L) 1.12 (0.09) 0.65 (0.06) 

YEtOH (%) 95 (5) 90 (2) 

Qglc (gglu/Lh) 0.51 (0.04) 0.33 (0.01) 

Qxyl (gxyl/Lh) 0.32(0.02) 0.16 (0.00) 

Qara (gara/Lh) 0.35 (0.02) 0.25 (0.01) 

QEtOH (gETOH/Lh) 0.66 (0.01) 0.34 (0.02) 

The results described above demonstrate that under non-aerated conditions, 
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Figure 3. Kinetics of cell growth (a); glucose, xylose and arabinose consumption (25 g/L each at
initial time), and ethanol production by E. coli MS04 in mineral media WA 2 g/L (b) and WOA (c).

Table 3. Ethanol yields and volumetric parameters for fermentation of 25 g/L (each) glucose–xylose–
arabinose mixtures by E. coli MS04 in mineral media WA 2 g/L and WOA (values in parenthesis
indicate standard error from duplicates).

Parameter WA WOA

µ (h−1) 0.14 (0.00) 0.13 (0.00)
Xmax (gDCW/L) 1.12 (0.09) 0.65 (0.06)

YEtOH (%) 95 (5) 90 (2)
Qglc (gglu/Lh) 0.51 (0.04) 0.33 (0.01)
Qxyl (gxyl/Lh) 0.32(0.02) 0.16 (0.00)
Qara (gara/Lh) 0.35 (0.02) 0.25 (0.01)

QEtOH (gETOH/Lh) 0.66 (0.01) 0.34 (0.02)
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In relation to the simultaneous consumption of sugar mixtures, the curves in Figure 3b,c
show that a lack of acetate does not release catabolic repression. Furthermore, the es-
tablished hierarchy for sugars preferably consumed by E. coli is clearly noticeable in the
fermentation WOA, where glucose was consumed at the highest rate, followed by arabi-
nose and then xylose (Table 3). These results concur with the model of carbon catabolite
repression in E. coli, which states that glucose is preferentially consumed, followed by arabi-
nose and finally xylose. This is because the arabinose operon regulates xylose metabolism,
leading to a favorable consumption of arabinose over xylose [34]. This behavior suggests
that the acetate contained in the evaluated hydrolysates could be partly responsible for
the lack of regulation of sugar uptake. Still, other regulatory mechanisms induce this phe-
nomenon, making the consumption of sugars by E. coli MS04 strain a complex metabolic
regulation system.

2.4. Xylose Consumption Is Governed by the XylR Activator

In E. coli, XylR is a transcriptional activator for xylose uptake. Therefore, in the
presence of xylose, it promotes the transcription of the xylFGH and xylAB operons, which
are required for xylose metabolism [17]. Although xylFGH was deleted from E. coli MS04
strain genome, previous studies performed by our group have demonstrated that the MS04
parental strain also internalizes xylose through the galactitol transporter GatC while xylAB
genes are transcriptionally active [35]. Hence, we studied the function of xylR in the co-
utilization of sugars by E. coli MS04, its possible relationship to the lack of carbon catabolite
repression and the combined effect with acetate. To this end, the xylR gene was deleted
from the E. coli MS04 genome (E. coli MS04 ∆xylR) and fermentations were performed with
this new strain. In these tests, glucose–xylose mixtures at initial concentrations of 25 g/L
for each were fermented in two different mediums, one with 5 g/L of acetate and another
without acetate. Figure 4 shows the ethanol yield and kinetic parameters obtained for
these fermentations.
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Figure 4. Ethanol yield and kinetic parameters for fermentation of 25 g/L (each) glucose-xylose
mixtures by E. coli MS04 ∆xylR in mineral media with acetate (WA, 5 g/L) and without acetate (WOA)
(bars indicate standard deviation from triplicate experiments).

These results show that xylose consumption was null in both cultures, demonstrating
the need of XylR for xylose metabolism in E. coli. Unlike MS04 (Table 3), the µ for the MS04
∆xylR strain (Figure 4) was three times lower when there was no acetate in the culture
medium, demonstrating the importance of xylose consumption for cell growth even in
media containing glucose. Although YEtOH values were similar, glucose consumption
and ethanol production rates were about 2.5 times lower for the fermentations WOA.
Additionally, Qglc in the presence of acetate was double compared to that observed for
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MS04 (Table 3 and Figure 4), suggesting that in the absence of an active xylose metabolism
pathway, all the catabolic energy is directed towards glucose consumption.

The results obtained for E. coli MS04 ∆xylR demonstrate that, independently of the
sugars consumed, XylR plays an essential role in xylose metabolism, and also highlight the
importance of acetate for sugar consumption and ethanol production rates. Nevertheless,
these results do not explain the lack of carbon catabolite repression in E. coli MS04. There-
fore, an exhaustive review of the sequence of MS04 strain genome was performed, with the
objective of finding possible gene deletions, changes or single-nucleotide polymorphism
(a variation at a single position in a DNA sequence in the genome) that could help explain
the co-utilization of sugars. Moreover, the sequence of xylR was carefully analyzed, as it
has previously been reported that single-nucleotide polymorphisms in this gene void the
preference for glucose over other monosaccharides [36]. Nevertheless, no changes were
found on the MS04 xylR sequence. On the other hand, the results presented in this work
show a clear co-fermentation of sugar mixtures under different media composition and
lignocellulosic hydrolysates; therefore, additional studies are needed to reveal the causes
for the lack of carbon catabolite repression in E. coli MS04.

3. Materials and Methods
3.1. Strains
3.1.1. Escherichia coli MS04

Escherichia coli strain MS04 (MG1655: ∆pflB, ∆adhE, ∆frdA, ∆xylFGH, gatC-S184L,
∆midarpA, ∆reg 27.3 kb, ∆ldhA) [7] was used as a biocatalyst for ethanol production in
mineral medium and lignocellulosic hydrolysates.

3.1.2. Escherichia coli MS04 ∆xylR

Deletion of xylR gene from E. coli MS04 was carried out using the phage transduction
methodology. Escherichia coli strain MS04 is kanamycin (Km)-resistant due to a mutation
in the FRT sequence. The Km-resistant cassette placed in the locus xylFGH was replaced
by a chloramphenicol (Cm)-resistant cassette. This was performed by a P1 transduction
event as previously reported [37]. An E. coli MG1655 strain ∆xylFGH::CmR constructed
in our laboratory (unpublished data) was used as the donor strain. The mutant MS04
∆xylFGH::CmR was selected in LB plates supplemented with Cm at 30 µg/mL, and Km
sensitivity was verified. The cassette resistance replacement was confirmed by PCR. The
resulting strain was used for a second P1 transduction process. Strain JW3541-2 (BW25113
∆xylR::KmR) from the Keio collection was used as the donor strain [38]. Furthermore, the
mutant MS04 ∆xylFGH::CmR ∆xylR::KmR was selected in LB plates and supplemented
with Cm and Km at 30 µg/mL each. Finally, the elimination of xylR gene in the MS04
background was confirmed by PCR.

3.2. Culture Media
3.2.1. Laboratory-Simulated Hydrolysates

Control fermentations and the study of acetate effect with strain MS04, and cultures
with MS04 ∆xylR, were performed in AM1 mineral medium [39]. The composition of the
AM1 medium was 2.63 g/L (NH4)2HPO4, 0.87 g/L NH4H2PO4, 1 mL/L MgSO47H2O
(1 M), 1 mL/L KCl (2 M), 1 mL/L betaine HCl (1 M) and 1.5 mL/L trace elements. The
medium was supplemented with 0.1 g/L sodium citrate and different concentrations of
xylose, glucose and arabinose, and sodium acetate was added as needed. The trace element
solution contains per liter 1.6 g FeCl3, 0.2 g CoCl2·6H2O, 0.1 g CuCl2, 0.2 g ZnCl2·4H2O,
0.2 g Na2MoO4, 0.05 g H3BO3 and 0.33 g MnCl2·4H2O. When required, 30 µg/L of Km or
Cm was used for inoculum development.
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3.2.2. Lignocellulosic Hydrolysates
Teak Wood and Agave Bagasse Hydrolysates

Hydrolysates of teak wood and agave bagasse residues were prepared according
to a previously reported methodology [40]. The procedure includes a thermochemical
hydrolysis performed in a 5 L parr-type reactor containing a gas–liquid–solid system of 18%
w/w biomass powder, 7% w/w SO2 and water. Typical reaction conditions were operated
at 140 ◦C and 450 rpm for 90 min. The enzymatic saccharification of slurries obtained from
thermochemical pretreatments of teak wood and agave bagasse was performed with a
commercial cellulase cocktail (43 FPU g−1, 100 Uxylanase g−1) (NEO Biotech Co., Ltd., Xi’an,
China) in a set of six 0.2 L (working volume) mini-reactors fitted with a peg mixer [6].
Enough sodium citrate was added to obtain a final concentration of 50 mM, while the slurry
pH was adjusted to 4.8 by adding 10 N KOH, and 15 FPU/gglucan of the cellulase cocktail
was supplemented for saccharification.

Barley Straw and Corn Stover Hydrolysates

The hydrolysates from barley straw and corn stover were obtained through thermo-
chemical hydrolysis carried out with a dry biomass charge of 15% w/w, 1% w/w H2SO4,
and at 121 ◦C for 30 min (holding time). The hydrolysates were used as culture medium
without additional pretreatment steps.

Spent Coffee Grounds Hydrolysates

Spent coffee grounds hydrolysates were obtained through a thermochemical pre-
treatment carried out with 15% w/w dry biomass, 1% w/w H2SO4, and at 121 ◦C for
30 min (holding time). After pretreatment, enzymatic saccharification was performed
with commercial cellulase complex GC220 (Genencor International, Rochester, NY, USA)
and β-glucosidase NS50010 (Novozymes, Copenhagen, Denmark) at 15 FPU/gglucan and
30 UCB/gdry biomass, respectively. The saccharification process was performed at 50 ◦C and
pH 4.5 for 48 h.

3.3. Fermentation in Simulated and Agroindustrial Lignocellulosic Hydrolysates

Fermentations for both laboratory-simulated hydrolysates (LSH) and agroindustrial
lignocellulosic hydrolysates (ALH) were carried out by using the ethanologenic E. coli
strain MS04 [32] or its derivatives. The preinoculum was prepared by growing cells from a
cryovial (1:1 glycerol 80% and strain at OD600 ~2.0 in mineral media) in test tubes containing
4 mL of mineral medium with 10 g/L of glucose or xylose. Afterwards, the cells were
incubated for 12 h at 37 ◦C and 300 rpm. The inoculum was prepared by transferring the
content of the test tubes to 200 mL fermenters containing AM1 mineral media, 20 g/L
of glucose or xylose and 2 g/L of acetate. The inoculum was grown for ~24 h at 37 ◦C,
150 rpm and pH 7 (controlled with 2N KOH), until OD600 between 1.5 and 2 was reached.
The cells were harvested by centrifugation (4 ◦C, 10 min, 4300× g), resuspended in fresh
mineral media and then used to inoculate the fermenters with LSH or ALH at an initial
OD600 ~0.5.

Fermentations were performed in the same bioreactor system used for saccharification.
Before inoculation, the pH of the vessels containing ALH was adjusted to 7 with 8 N KOH
and concentrated solutions of betaine (as osmoprotectant) to a final concentration of 1 mM.
Then, phosphate buffer, citric acid and Km were added until final concentrations of 1 mM,
5 mM, 100 mg/L and 30 µg/L, respectively. The cultures were incubated at 37 ◦C, 150 rpm
and pH 7 (controlled with 2 N KOH) until complete substrate depletion or consumption
was achieved.

3.4. Biomass, Glucose, Xylose, Arabinose, Acetate and Ethanol Determinations

Growth in LSH was determined spectrophotometrically using an optical density of
600 nm (DU 70, Beckman Instruments, Inc. Fullerton, CA, USA). The values given by
the spectrophotometer were converted to dry cell weight (DCW) by using a calibration
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curve, which indicates that 1 optical density at 600 nm = 0.37 gDCW/L. The samples
were centrifuged, and the cell-free culture broth was frozen for its subsequent analysis.
Xylose, arabinose and acetate concentrations were measured by high-performance liquid
chromatography (Waters U6K, Millipore Co., Milford, MA, USA) using an Aminex HPX-
87H ion exclusion column (300 mm × 7.8 mm; Bio-Rad Laboratories, Hercules, CA, USA) at
45 ◦C, while using 5.0 mM H2SO4 solution as the mobile phase (0.5 mL/min), a photodiode
array detector at 210 nm (Model 996, Waters, Millipore Co) and a refractive index detector
(Model 2410, Waters, Millipore Co., Milford, MA, USA). Glucose concentration in the
culture medium was measured with a biochemical analyzer (YSI model 2700, YSI Inc.,
Yellow Springs, OH, USA). Finally, as described by Fernandez-Sandoval et al. [32], the
ethanol produced from fermentations was quantified through gas chromatography (Agilent,
6850 series GC System, Wilmington, DE, USA).

3.5. Calculation of Kinetic and Stoichiometric Parameters

The kinetic and stoichiometric parameters for ethanol fermentations were calculated
according to Equations (1)–(4) [19].

3.5.1. Specific Growth Rate (µ)

In the case of experiments with hydrolysates, due to the syrups’ color and/or the
presence of solids, the optical density was not measured. Thus, only the µ for control
experiments was calculated during the exponential cell growth using Equation (1):

µ =
ln
(

X
X0

)

t − t0
(1)

where X (gDCW/L) is the biomass concentration at the end of exponential cell growth, X0
(gDCW/L) is the initial biomass concentration, t (h) is the time elapsed at the end of the
exponential cell growth and t0 (h) is the initial time.

3.5.2. Ethanol Yield (YEtOH)

The ethanol yield from total sugars was calculated based on a theoretical yield of 0.51
gEtOH/gsugar according to Equation (2).

YEtOH =
EtOHf − EtOH0

(St0 − Stf)× 0.51
× 100% (2)

where EtOHf (gEtOH/L) is the maximum ethanol concentration, EtOH0 (gEtOH/L) is the
initial ethanol concentration, ST0 (gsugars/L) is the sum of initial sugar concentration
and Sto and Stf (gsugars/L) are the sum of sugar concentration at the start and end of
the fermentations.

3.5.3. Volumetric Sugar Consumption Rate (QS)

The volumetric consumption rates for individual sugars, i.e., glucose (glc), arabinose
(ara) or xylose (xyl), were determined by Equation (3).

QS =
S0 − Sf
tf − t0

(3)

where S0 (gsugar/L) is the initial sugar (glc, ara or xyl) concentration, and Sf (gsugar/L) is
the sugar concentration (glc, ara or xyl) at the end of the fermentation.

3.5.4. Volumetric Productivity of Ethanol (QEtOH)

The volumetric ethanol production rate was calculated using Equation (4).

QEtOH =
EtOHf − EtOH0

tEtOH − t0
(4)
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where EtOHf (gEtOH/L) is the maximum ethanol concentration, EtOH0 (gEtOH/L) is the
initial ethanol concentration, tEtOH is the elapsed time (h) at the maximum ethanol concen-
tration and t0 is the initial time (h).

4. Conclusions

The ethanologenic Escherichia coli strain MS04 was able to efficiently produce ethanol
from several lignocellulosic hydrolysates, which were obtained from different pretreatments
and saccharification processes. Despite the differences in biomass treatment conditions and
the varying contents of glucose and xylose, a clear co-fermentation of hexoses and pentoses
in sugar mixtures under different media compositions and lignocellulosic hydrolysates
was shown, indicating a partial lack of carbon catabolite repression. Even the presence
of phenolic compounds that inhibit E. coli growth and fermentation did not seriously
hinder the co-consumption of sugars and conversion into ethanol. The volumetric rates of
sugar consumption and ethanol production depend on the proportion of initial glucose
and xylose, concentrations of inhibitors and a positive effect of acetate (generated in the
hydrolysates from the deacetylation of hemicellulose). Furthermore, the deletion of the
xylR gene involved in xylose metabolism confirms its essential role in xylose consumption.
These results give a first insight into the metabolism of monosaccharides in E. coli MS04
from a phenomenological perspective, but additional studies are needed to reveal the
causes for the lack of carbon catabolite repression in E. coli MS04.

Author Contributions: Conceptualization: E.S.-I. and A.M.; methodology: E.S.-I., A.V.-T., C.L.M.-A.,
B.T.-M. and E.R.M.-V.; validation: Á.V.-L. and E.V.-L.; formal analysis: E.S.-I., A.R.-A. and A.M.;
investigation: E.S.-I., A.V.-T. and A.M.; resources: M.G.H.-L., E.V.-L. and A.M.; writing—original
draft preparation: E.S.-I. and A.M.; writing—review and editing: A.V.-T., E.V.-L. and A.M.; super-
vision: A.R.-A., Á.V.-L., M.G.H.-L. and A.M.; project administration: E.V.-L. and A.M.; funding
acquisition: E.V.-L., M.G.H.-L. and A.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Universidad Nacional Autónoma de México
(UNAM)—PAPIIT-DGAPA-UNAM Grant IV100119 and IG10122.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Georgina Hernández-Chavez, Patricia Bustos-Arcos, Omar Arriaga-
Pérez, Arturo Ocádiz-Ramírez and Servando Aguirre-Cruz for their technical support. This work
was supported by Universidad Nacional Autónoma de México (UNAM)—PAPIIT-DGAPA-UNAM
Grant IV100119 and IG10122. E.S.-I. held a scholarship from DGAPA-UNAM.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References
1. Sebayang, A.; Masjuki, H.; Ong, H.C.; Dharma, S.; Silitonga, A.; Mahlia, T.; Aditiya, H. A perspective on bioethanol production

from biomass as alternative fuel for spark ignition engine. RSC Adv. 2016, 6, 14964–14992. [CrossRef]
2. Balat, M.; Balat, H. Recent trends in global production and utilization of bio-ethanol fuel. Appl. Energy 2009, 86, 2273–2282.

[CrossRef]
3. Kumar, P.; Barrett, D.; Delwiche, M.; Stroeve, P. Methods for pretreatment of lignocellulosic biomass for efficient hydrolysis and

biofuel production. Ind. Eng. Chem. Res. 2009, 48, 3713–3729. [CrossRef]
4. Zhao, X.; Zhang, L.; Liu, D. Biomass recalcitrance. Part II: Fundamentals of different pre-treatments to increase the enzymatic

digestibility of lignocellulose. Biofuels Bioprod. Biorefin. 2012, 6, 561–579. [CrossRef]
5. Moya, R.; Tenorio, C.; Oporto, G. Short rotation wood crops in Latin American: A review on status and potential uses as biofuel.

Energies 2019, 12, 705. [CrossRef]

112



Molecules 2022, 27, 8941

6. Caspeta, L.; Caro-Bermúdez, M.A.; Ponce-Noyola, T.; Martinez, A. Enzymatic hydrolysis at high-solids loadings for the conversion
of agave bagasse to fuel ethanol. Appl. Energy 2014, 113, 277–286. [CrossRef]

7. Vargas-Tah, A.; Moss-Acosta, C.L.; Trujillo-Martinez, B.; Tiessen, A.; Lozoya-Gloria, E.; Orencio-Trejo, M.; Gosset, G.; Martinez, A.
Non-severe thermochemical hydrolysis of stover from white corn and sequential enzymatic saccharification and fermentation to
ethanol. Bioresour. Technol. 2015, 198, 611–618. [CrossRef]

8. Guhl, A. Coffee production intensification and landscape change in Colombia, 1970–2002. In Land-Change Science in the Tropics:
Changing Agricultural Landscapes; Millington, A., Jepson, W., Eds.; Springer: Boston, MA, USA, 2008; pp. 93–116.

9. Karmee, S.K. A spent coffee grounds based biorefinery for the production of biofuels, biopolymers, antioxidants and biocompos-
ites. J. Waste Manag. 2018, 72, 240–254. [CrossRef]

10. Zhou, M.X. Barley Production and Consumption. In Genetics and Improvement of Barley Malt Quality; Zhang, G., Li, C., Eds.;
Springer: Berlin/Heidelberg, Germany, 2010; pp. 1–17.

11. Zaldivar, J.; Nielsen, J.; Olsson, L. Fuel ethanol production from lignocellulose: A challenge for metabolic engineering and process
integration. Appl. Microbiol. Biotechnol. 2001, 56, 17–34. [CrossRef]

12. Nichols, N.; Dien, B.; Bothast, R. Use of catabolite repression mutants for fermentation of sugar mixtures to ethanol. Appl.
Microbiol. Biotechnol. 2001, 56, 120–125. [CrossRef]

13. Postma, P.; Lengeler, J.; Jacobson, G. Phosphoenolpyruvate: Carbohydrate phosphotransferase systems of bacteria. Microbiol. Rev.
1993, 57, 543–594. [CrossRef] [PubMed]

14. Hernández-Montalvo, V.; Martínez, A.; Hernández-Chavez, G.; Bolivar, F.; Valle, F.; Gosset, G. Expression of galP and glk in an
Escherichia coli PTS mutant restores glucose transport and increases glycolytic flux to fermentation products. Biotechnol. Bioeng.
2003, 83, 687–694. [CrossRef] [PubMed]

15. Kim, H.-H.; So, J.-H.; Shin, J.-H.; Rhee, I.-K. Role of xylR gene on the construction of xylose-inducible expression vectors using
xylF promoter of Escherichia coli. J. Korean Soc. Appl. Biol. Chem. 2010, 53, 790–797. [CrossRef]

16. Sievert, C.; Nieves, L.M.; Panyon, L.A.; Loeffler, T.; Morris, C.; Cartwright, R.A.; Wang, X. Experimental evolution reveals an
effective avenue to release catabolite repression via mutations in XylR. Proc. Natl. Acad. Sci. USA 2017, 114, 7349–7354. [CrossRef]
[PubMed]

17. Song, S.; Park, C. Organization and regulation of the D-xylose operons in Escherichia coli K-12: XylR acts as a transcriptional
activator. J. Bacteriol. 1997, 179, 7025–7032. [CrossRef] [PubMed]

18. Jönsson, L.; Palmqvist, E.; Nilvebrant, N.-O.; Hahn-Hägerdal, B. Detoxification of wood hydrolysates with laccase and peroxidase
from the white-rot fungus Trametes versicolor. Appl. Microbiol. Biotechnol. 1998, 49, 691–697. [CrossRef]

19. Sierra-Ibarra, E.; Alcaraz-Cienfuegos, J.; Vargas-Tah, A.; Rosas-Aburto, A.; Valdivia-López, Á.; Hernández-Luna, M.G.; Vivaldo-
Lima, E.; Martinez, A. Ethanol production by Escherichia coli from detoxified lignocellulosic teak wood hydrolysates with high
concentration of phenolic compounds. J. Ind. Microbiol. Biotechnol. 2021, 49, kuab077. [CrossRef]

20. Rios-González, L.J.; Morales-Martínez, T.K.; Rodríguez-Flores, M.F.; Rodríguez-De la Garza, J.A.; Castillo-Quiroz, D.; Castro-
Montoya, A.J.; Martinez, A. Autohydrolysis pretreatment assessment in ethanol production from agave bagasse. Bioresour. Technol.
2017, 242, 184–190. [CrossRef]

21. Saucedo-Luna, J.; Castro-Montoya, A.J.; Martinez-Pacheco, M.M.; Sosa-Aguirre, C.R.; Campos-Garcia, J. Efficient chemical and
enzymatic saccharification of the lignocellulosic residue from Agave tequilana bagasse to produce ethanol by Pichia caribbica. J. Ind.
Microbiol. Biotechnol. 2011, 38, 725–732. [CrossRef]

22. Barbosa, M.F.; Beck, M.J.; Fein, J.E.; Potts, D.; Ingram, L.O. Efficient fermentation of Pinus sp. acid hydrolysates by an ethanologenic
strain of Escherichia coli. Appl. Environ. Microbiol. 1992, 58, 1382–1384. [CrossRef]

23. Pérez-Pimienta, J.A.; Vargas-Tah, A.; López-Ortega, K.M.; Medina-López, Y.N.; Mendoza-Pérez, J.A.; Avila, S.; Singh, S.;
Simmons, B.A.; Loaces, I.; Martinez, A. Sequential enzymatic saccharification and fermentation of ionic liquid and organosolv
pretreated agave bagasse for ethanol production. Bioresour. Technol. 2017, 225, 191–198. [CrossRef] [PubMed]

24. Ballesteros, L.F.; Teixeira, J.A.; Mussatto, S.I. Chemical, functional, and structural properties of spent coffee grounds and coffee
silverskin. Food Bioprocess Technol. 2014, 7, 3493–3503. [CrossRef]

25. Atabani, A.E.; Al-Muhtaseb, A.a.H.; Kumar, G.; Saratale, G.D.; Aslam, M.; Khan, H.A.; Said, Z.; Mahmoud, E. Valorization of
spent coffee grounds into biofuels and value-added products: Pathway towards integrated bio-refinery. Fuel 2019, 254, 115640.
[CrossRef]

26. Battista, F.; Barampouti, E.M.; Mai, S.; Bolzonella, D.; Malamis, D.; Moustakas, K.; Loizidou, M. Added-value molecules recovery
and biofuels production from spent coffee grounds. Renew. Sustain. Energy Rev. 2020, 131, 110007. [CrossRef]

27. Negrete, A.; Ng, W.-I.; Shiloach, J. Glucose uptake regulation in E. coli by the small RNA SgrS: Comparative analysis of E. coli
K-12 (JM109 and MG1655) and E. coli B (BL21). Microb. Cell Factories 2010, 9, 75. [CrossRef] [PubMed]

28. Neubauer, P.; Häggström, L.; Enfors, S.O. Influence of substrate oscillations on acetate formation and growth yield in Escherichia
coli glucose limited fed-batch cultivations. Biotechnol. Bioeng. 1995, 47, 139–146. [CrossRef] [PubMed]

29. Saha, B.C.; Qureshi, N.; Kennedy, G.J.; Cotta, M.A. Enhancement of xylose utilization from corn stover by a recombinant
Escherichia coli strain for ethanol production. Bioresour. Technol. 2015, 190, 182–188. [CrossRef]

30. Saha, B.C.; Cotta, M.A. Comparison of pretreatment strategies for enzymatic saccharification and fermentation of barley straw to
ethanol. N. Biotechnol. 2010, 27, 10–16. [CrossRef]

113



Molecules 2022, 27, 8941

31. Fernández-Sandoval, M.T.; Galíndez-Mayer, J.; Moss-Acosta, C.L.; Gosset, G.; Martinez, A. Volumetric oxygen transfer coefficient
as a means of improving volumetric ethanol productivity and a criterion for scaling up ethanol production with Escherichia coli.
J. Chem. Technol. Biotechnol. 2017, 92, 981–989. [CrossRef]

32. Fernández-Sandoval, M.; Huerta-Beristain, G.; Trujillo-Martinez, B.; Bustos, P.; González, V.; Bolivar, F.; Gosset, G.; Martinez,
A. Laboratory metabolic evolution improves acetate tolerance and growth on acetate of ethanologenic Escherichia coli under
non-aerated conditions in glucose-mineral medium. Appl. Microbiol. Biotechnol. 2012, 96, 1291–1300. [CrossRef]

33. Xia, T.; Eiteman, M.A.; Altman, E. Simultaneous utilization of glucose, xylose and arabinose in the presence of acetate by a
consortium of Escherichia coli strains. Microb. Cell Factories 2012, 11, 77. [CrossRef] [PubMed]

34. Fox, K.J.; Prather, K.L.J. Carbon catabolite repression relaxation in Escherichia coli: Global and sugar-specific methods for glucose
and secondary sugar co-utilization. Curr. Opin. Chem. Eng. 2020, 30, 9–16. [CrossRef]

35. Utrilla, J.; Licona-Cassani, C.; Marcellin, E.; Gosset, G.; Nielsen, L.K.; Martinez, A. Engineering and adaptive evolution of
Escherichia coli for D-lactate fermentation reveals GatC as a xylose transporter. Metab. Eng. 2012, 14, 469–476. [CrossRef] [PubMed]

36. Heo, J.M.; Kim, H.J.; Lee, S.J. Efficient anaerobic consumption of D-xylose by E. coli BL21 (DE3) via xylR adaptive mutation. BMC
Microbiol. 2021, 21, 332. [CrossRef]

37. Thomason, L.C.; Costantino, N.; Court, D.L. E. coli Genome Manipulation by P1 Transduction. Curr. Protoc. Mol. Biol. 2007, 79,
1171–1178. [CrossRef]

38. Baba, T.; Ara, T.; Hasegawa, M.; Takai, Y.; Okumura, Y.; Baba, M.; Datsenko, K.A.; Tomita, M.; Wanner, B.L.; Mori, H. Construction
of Escherichia coli K-12 in-frame, single-gene knockout mutants: The Keio collection. Mol. Syst. Biol. 2006, 2, 2006. [CrossRef]

39. Martinez, A.; Grabar, T.B.; Shanmugam, K.T.; Yomano, L.P.; York, S.W.; Ingram, L.O. Low salt medium for lactate and ethanol
production by recombinant Escherichia coli B. Biotechnol. Lett. 2007, 29, 397–404. [CrossRef]

40. Hernández Luna, M.G.; Vivaldo Lima, E.; Alcaraz Cienfuegos, J.; Valdivia López, M.A. Proceso de Tratamiento ácido en Fase de
Gas de Materiales Lignocelulosicos. MX Publication No. WO 2018/004327 A1, 1 April 2018.

114



Citation: Allegretti, C.; Bellinetto, E.;

D’Arrigo, P.; Ferro, M.; Griffini, G.;

Rossato, L.A.M.; Ruffini, E.; Schiavi,

L.; Serra, S.; Strini, A.; et al.

Fractionation of Raw and Parboiled

Rice Husks with Deep Eutectic

Solvents and Characterization of the

Extracted Lignins towards a Circular

Economy Perspective. Molecules 2022,

27, 8879. https://doi.org/10.3390/

molecules27248879

Academic Editors: Carlos Martín,

Alejandro Rodriguez Pascual and

Eduardo Espinosa Víctor

Received: 19 October 2022

Accepted: 5 December 2022

Published: 14 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Fractionation of Raw and Parboiled Rice Husks with Deep
Eutectic Solvents and Characterization of the Extracted Lignins
towards a Circular Economy Perspective
Chiara Allegretti 1 , Emanuela Bellinetto 1 , Paola D’Arrigo 1,2,* , Monica Ferro 1 , Gianmarco Griffini 1 ,
Letizia Anna Maria Rossato 1 , Eleonora Ruffini 1 , Luca Schiavi 3 , Stefano Serra 2,* , Alberto Strini 3

and Stefano Turri 1,†

1 Department of Chemistry, Materials and Chemical Engineering “Giulio Natta”, Politecnico di Milano,
p.zza L. da Vinci 32, 20133 Milano, Italy

2 Istituto di Scienze e Tecnologie Chimiche “Giulio Natta”, Consiglio Nazionale delle Ricerche (SCITEC-CNR),
Via Luigi Mancinelli 7, 20131 Milano, Italy

3 Istituto per le Tecnologie della Costruzione, Consiglio Nazionale delle Ricerche (ITC-CNR), Via Lombardia 49,
20098 San Giuliano Milanese, Italy

* Correspondence: paola.darrigo@polimi.it (P.D.); stefano.serra@cnr.it (S.S.); Tel.: +39-2-23993075 (P.D.);
+39-2-23993076 (S.S.)

† The authors are listed in alphabetical order.

Abstract: In the present work, rice husks (RHs), which, worldwide, represent one of the most abun-
dant agricultural wastes in terms of their quantity, have been treated and fractionated in order to
allow for their complete valorization. RHs coming from the raw and parboiled rice production
have been submitted at first to a hydrothermal pretreatment followed by a deep eutectic solvent
fractionation, allowing for the separation of the different components by means of an environmen-
tally friendly process. The lignins obtained from raw and parboiled RHs have been thoroughly
characterized and showed similar physico-chemical characteristics, indicating that the parboiling
process does not introduce obvious lignin alterations. In addition, a preliminary evaluation of the
potentiality of such lignin fractions as precursors of cement water reducers has provided encouraging
results. A fermentation-based optional preprocess has also been investigated. However, both raw
and parboiled RHs demonstrated a poor performance as a microbiological growth substrate, even in
submerged fermentation using cellulose-degrading fungi. The described methodology appears to be
a promising strategy for the valorization of these important waste biomasses coming from the rice
industry towards a circular economy perspective.

Keywords: deep eutectic solvent (DES); lignocellulosic biomass fractionation; raw rice husk; parboiled
rice husk; parboiling process; lignin; cement plasticizers; sustainability; circular economy

1. Introduction

Rice (Oriza sativa) is one of the most important food crops, with about 755 million
tons of rough rice (also known as paddy rice) produced worldwide in 2019 [1] and a
>25% production increase in the 2000–2020 timeframe [2]. Its importance is undoubtedly
established when it is taken into account that it feeds around three billion people all over
the world.

Raw rice is composed by an external hull and the brown rice grain, which are sepa-
rated during the dehusking process. Rice husks (or hull, RH), deriving from paddy rice
dehusking, represent a very important source of waste biomass and are one of the most
abundant by-products in the rice production line. Considering that ca. 20–25% of paddy
rice mass is constituted by the outer husk [3], it is possible to estimate a global annual rice
husk production of >150 million tons, currently used mainly for power generation [4].
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Parboiled (partially boiled) rice is obtained from rough rice by a hydrothermal process
constituted by a hydration stage followed by gelatinization and drying. Because of its
several nutritional and physical benefits, parboiled rice possesses between two and three
times the economic value of white rice and its importance on the global market is currently
increasing (about 20% of the produced rice is treated by the parboiling process at the
present time) [5,6]. The parboiling process is carried out mainly on rough rice that then
must undergo the hulling process, thus leading to the parboiled rice husk as a by-product.
As a consequence, this latter constitutes a significant part of the global rice husk production
with solid forecasts of a high growth in the coming years.

For these reasons, the exploitation of both a raw rice husk (rRH) and parboiled rice
husk (pRH) as lignocellulosic renewable feedstock constitutes a very important objective
in a circular economy perspective, where the valorization of bio-agricultural wastes as
a secondary raw material is largely preferable to their incineration for heat generation.
Globally, this is particularly important in Asian countries where a rice cultivation is the
primary food source and, regionally, in local realities where rice is a traditional source (e.g.,
in Lombardy in Italy). Up to now, RHs are instead mainly exploited as an energy source in
rice processing plants and as bedding for farm animals. Therefore, the availability of this
huge quantity of wastes and their low cost have pushed the current research towards the
investigation and development of new sustainable possible applications for such materials.

Deep eutectic solvents (DESs) are a promising class of new solvents in the context of
sustainable process development that can be prepared from a broad range of components,
which are often from biobased sources [7]. DESs are characterized by a low toxicity and the
typically high renewability and recyclability of the constituents [8]. Their wide solvating
power modulation capabilities make them a first-choice medium for setting up separation
processes, with particular reference to the fractionation of agro-industrial lignocellulosic
wastes [9–11]. Moreover, it is even more interesting that the potential use of reactive
DESs (RDESs, [12,13]) could allow for the exploitation of the same DES formulation as
a separation medium (for lignocellulosic fractionation) and reaction medium (for lignin
derivatization), even possibly in one-pot processes, enhancing the sustainability of the
process [14].

Thus, we have focused on the set-up of a cascade multistep process, reported in
Figure 1, composed of a preprocess in hot water and in an autoclave, followed by a DES-
mediated treatment of the rRH and pRH biomasses, in order to deconstruct the natural
lignocellulosic skeleton that usually hampers the further exploitation of the different
components of RHs. The fractionation of these waste materials in two main fractions,
i.e., a cellulose-enriched fraction and lignin constitutes the key-point for the successive
development of valuable applications. The methodology based on the DES treatment was
previously successfully applied by the authors to another common agri-food biomass,
i.e., Brewer’s Spent Grain (BSG) [15]. The main aim of the present work is to study the
DES-mediated fractionation process focusing on RHs, and to compare and characterize
in detail both the composition and properties of the lignin fractions recovered from rRH
and pRH. The latter is particularly interesting because of its aforementioned increase in
commercial interest. Indeed, such a detailed characterization should represent a strategic
milestone for the successful incorporation of lignin, as a macromolecular precursor, into
bio-based polymers of a high added value [16–18], which have found an application in a
variety of industrial [19–22] and technological [23–28] fields.

Moreover, in this work, the potentialities of these materials were also demonstrated in
the field of cement water reducers, the latter being an important component of all modern
concrete formulations. Lignin is a well-known component of traditional water reducers
and has been widely used for this purpose for a long time [29]. In recent years, several
research efforts aimed at the study of renewable high-performance water reducers inspired
a renewed interest in advanced formulations based on lignin derivatives [30–32]. Any pro-
cess resulting in lignin as a by-product is thus a potential resource for the development
of sustainable concrete water reducers. For such reasons, the obtained lignins were here
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assessed for this specific application by rheological measurements on cement pastes. The re-
sults clearly indicate a water reducing performance equivalent to that of a commercial soda
lignin (Protobind 1000), thus demonstrating the potential of the approach proposed herein.
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Figure 1. Complete fractionation process of raw and parboiled rice husks constituted by a hydro-
thermal preprocess and a DES-mediated lignocellulose process. 
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A fermentation-based pretreatment was also studied, aiming to pretreat the biomass
before the fractionation steps. The rationale behind this approach was to verify whether
the soluble saccharides components of RHs could be exploitable as substrates in industrial
fermentation processes. The expected effect of the pretreatment was the partial deconstruc-
tion of the lignocellulose matrix with the reduction in the saccharides’ content. However,
the limited results obtained indicated that both raw and parboiled RHs are poor performers
as a microbiological growth media, possibly due to their relatively low oligosaccharide and
high silica contents.

2. Results and Discussion

In this work, two rice husk waste biomasses were selected from raw and parboiled rice
production, respectively (see Section 3.1 for details). The present work aims to fractionate
and compare them in terms of the composition and properties with the special aim of
providing fundamental information for the exploitation of the different fractions, focusing
in particular on the isolated lignins. Moreover, a deep comparison between rRH and pRH
has not been presented until now.

The two samples of the starting biomasses employed in the present work are illustrated
in Figure 2. As it is evident from the picture, pRH (on the right) appeared to be slightly
darker than rRH (on the left). As soon as they were received, these biomasses, even if they
have been provided in a quite dried form, were put in a ventilated oven (60 ◦C for 24 h)
and finely ground with an electric mixer.
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2.1. Rice Husks Composition

As most lignocellulosic biomasses, RHs are an intricate material where all the compo-
nents are closely related to each other. For that reason, in order to separate and quantify
the four main constituents of rRH and pRH of this study (hemicellulose, cellulose, silica,
and lignin), a multistep process based on a classical method of fractionation by successive
water and acid treatments was performed (see Section 3.3 for details) [33]. The composition
of the presently studied biomasses is reported in Table 1 and appears to be in agreement
with those reported in the literature [34,35].

Table 1. Composition of the studied RHs biomasses.

Sample Hemicellulose
(% w/w)

Cellulose
(% w/w)

Silica
(% w/w)

Lignin
(% w/w)

Soluble Fraction
(% w/w)

rRH 19.5 43.2 12.9 19.2 5.20
pRH 27.3 36.7 12.4 18.5 5.10

Moreover, the detailed composition, as monosaccharides components, of the isolated
hemicellulose fraction (reported in Table 2) has been determined by GC-MS analysis after
the total hydrolysis, reduction, and acetylation of the samples following a well-known
procedure (see Section 3.3.1 for experimental details) [36]. The two main components
of RHs hemicellulose were arabinose and xylose, with a low amount of galactose and
traces of rhamnose and fucose. The detected glucose residues were probably due to a
contamination of the cellulose fraction that appeared to be nearly completely eliminated
after the pretreatment of the biomass performed in the fractionation process (the resulting
residual glucose was 0.2–0.4%).

Table 2. Relative abundance of the monosaccharides deriving from RHs hemicellulose hydrolysis.

RH Rhamnose Fucose Arabinose Xylose Mannose Glucose Galactose

rRH 0.4 0.5 49.0 44.9 - 1.2 4.0
pRH 0.2 0.5 22.6 69.2 - 4.9 2.6

2.2. Rice Husks Preprocess

In our previous work, we described an efficient procedure for the water-mediated
extraction of Brewer’s Spent Grain (BSG) [15]. Accordingly, the treatment of BSG with water
at a high temperature allowed for the removal of a considerable (25–30% w/w) fraction
of this waste material. Hence, we checked the effectiveness of the same procedure when
applied to RHs.
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2.2.1. Hydro-Thermal Preprocess

We performed a hydro-thermal treatment of rRH and pRH by autoclaving the aqueous
suspensions of the latter materials at 121 ◦C for 20 min. The two suspensions were then
filtered, leading to solid residues which were indicated as rRHT (raw rice husk-treated)
and pRHT (parboiled rice husk-treated), whereas the obtained aqueous extracts were
concentrated at a reduced pressure and the weights of the resulting residues were compared
to those of the parent RHs samples. We observed that the described procedure allowed
for the extraction of only 2 and 2.8% (w/w) of rRH and of pRH, respectively. This water-
mediated extraction gave results comparable with those described in Table 1, proving
that rRH and pRH contained a very low amount of soluble sugars. In order to further
characterize these soluble fractions, the extracts were further treated with ethyl acetate. The
organic solvent soluble fractions were made up of a mixture of fatty acids (~0.05% w/w
total biomass) and phenylpropanoid metabolites such as cinnamic acid (~0.74% w/w total
biomass) and ferulic acid (0.13% w/w total biomass).

2.2.2. Microbiological Preprocess

As discussed above, the results of the hydro-thermal preprocess have confirmed
that both rRH and pRH are waste materials of a very difficult valorization, as they are
devoid of water-soluble components such as sugars, starch, or proteins. In addition, the
biomass of the RHs was almost unaffected by our thermal treatment. As a consequence, we
evaluated whether a biological pre-treatment could break up the lignocellulosic structure
of the RHs. To this end, we evaluated the potential of some selected fungal strains in
the submerged fermentation of the RHs samples. More specifically, we singled out the
filamentous fungi Myceliophthora thermophila, Rhizomucor pusillus, and Trichoderma viride.
The latter microorganisms have been widely employed in the industry for the production
of hydrolytic enzymes such as cellulases, amylases, pectinases, and chitinases [37–40].
In addition, the first two species are thermophiles with two different optimal growth
temperatures. Therefore, the fermentation of the three identical samples of pRH with
M. thermophila, R. pusillus, and T. viride were performed at 45, 35, and 24 ◦C, respectively.
The pRH biomasses recovered after the fermentation indicated a weight loss of the 18, 19,
and 14%, respectively. These results clearly demonstrate that all the tested strains utilized
pRH as a carbon source for their growth, regardless of the temperature fermentation.
Despite this fact, none of the experiments displayed a weight loss superior to 19%, thus
confirming the difficult degradability of RHs, even when using cellulose-degrading fungi.
Interestingly, for all the trials, we observed an initial luxuriant growth followed by the
transformation of the formed filamentous biomass into a slurry. The microscopic view of the
biomasses showed the presence of a very short hypha, most likely deriving by the grinding
of the fungal filaments. We supposed that RH, with its high silica content, was not a suitable
substrate for a submerged fermentation. The shaking, necessary for oxygenation, damaged
the fungal hypha, thus reducing their activity. As a consequence of the described results,
the microbiological preprocessing of this specific waste was considered to be unsuitable
and thus excluded from the complete fractionation process depicted in Figure 1.

2.3. DES-Mediated Lignocellulose Process

The subsequent step of the biomass treatment after the previously described pre-
process was constituted of a DES-mediated fractionation process. Different DESs have
been prepared and tested in this work. They have been obtained by mixing and heating a
mixture of the two components: a hydrogen bond acceptor (HBA) such as choline chloride
(ChCl) and betaine glycine (BetG), and a hydrogen bond donor (HBD) composed by acetic
acid and L-lactic acid. These two HBDs have been selected since it is known that the
presence of the carboxylic group in an HBD enhances the lignin yields during the lignocel-
lulosic destructuration [41,42]. The composition and density of the DESs are reported in
Table 3. Typically, DESs had a higher density than water and those containing L-lactic acid
(DESs 2 and 4) resulted in being denser than those with acetic acid (DESs 1 and 3), likely
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because of the presence of the hydroxyl group in the HBD molecules, which should allow
for the formation of stronger hydrogen bonds.

Table 3. List, composition, and density (measured at 18 ◦C) of prepared DESs.

DES Number Composition DES
HBA/HBD

Molar Ratio
(HBA/HBD)

Density of Pure DES
(g/cm3)

1 Choline chloride/Acetic acid 1/2 1.10
2 Choline chloride/L-Lactic acid 1/5 1.18
3 Betaine Glycine/Acetic acid 1/2 1.11
4 Betaine Glycine/L-Lactic acid 1/5 1.20

Following the scheme of the process reported in Figure 1, dried and finely milled
treated biomasses (rRHT and pRHT) were submitted to a fractionation. For comparison,
the native biomasses (rRH and pRH) were also treated in the same way. The biomasses
were then suspended in the different DESs at 120 ◦C under magnetic stirring for 24 h. After
cooling, ethanol was gradually added, leading to the precipitation of the first fractions, the
cellulose-enriched fractions, which were then further separated in order to quantify the
silica content. To this end, we slightly modified the Yoshida procedure [43], consisting in the
oxidative degradation of all the organic fractions (see Section 3.5.3 for details). The cellulose-
enriched fractions were heated at a reflux with a mixture of concentrated nitric acid, sulfuric
acid, and perchloric acid, and the resulting silica suspensions allowed for the isolation of the
silica samples. Their weights were employed to calculate the silica content of the cellulose-
enriched fractions (given as a w/w biomass percentage and reported in Figure 3). The silica
content was quantified at around 13%, almost identical in all the samples, confirming that
the treatments performed on the RHs did not affect their SiO2 content.
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Figure 3. Data of mass recovery of cellulose-enriched fraction (in green), lignin (in yellow), and silica
(in blue) during the DES 2-mediated fractionation process of raw rice husk (rRH), raw treated rice
husk, parboiled rice husk (pRH), and parboiled treated rice husk.

The filtrates were then concentrated to eliminate ethanol and were treated with water
acting as an anti-solvent, to induce the precipitation of the lignins. After the centrifugation,
filtration, and solvent evaporation, the final solid fractions (rRH-Lignin, rRHT-Lignin,
pRH-Lignin, and pRHT-Lignin) were recovered and quantified.

After the examination of the results obtained with the four DESs in terms of the
handling of the reaction mixtures and the final mass recovery, DES 2 (choline chloride/L-
lactic acid, 1/5) was selected for this work, since it gave the higher yields in terms of the
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fractions recovery and lignin recovery. The data of the quantitative recovery of the different
fractions are reported in the Supplementary Materials (Table S1) for all the tested DESs,
whereas the mass recovery results obtained on the DES 2-mediated fractions for the four
RHs biomasses have been illustrated more precisely in Figure 3.

As it appears clearly from Figure 3, the weight percentages of the three fractions were
almost identical for the four fractionated RHs. The cellulose-enriched fraction accounted for
47% of the total biomass in the three cases, lignin for 15.8 to 11% (for rRH and rRHT) and to
14.5 to 15.5% (for pRH and pRHT), and silica at around 13% in all cases. The results clearly
prove that both the parboiling process and the autoclave treatment do not influence so
much the percentages of the three main fractions and do not induce substantial differences
in the natural biomass fractionation.

2.4. Lignin Characterization

Lignins derived from the complete fractionation process (using DES 2) of both raw
and parboiled rice husks (rRH-Lignin and pRH-Lignin, respectively) were subjected to
an extensive characterization to evaluate their properties and potential differences. A
well-known commercial soda lignin (Protobind 1000, indicated from now on as Protobind)
was used as the reference [44].

2.4.1. Solvent Solubilization

One of the key features in the lignin’s characterization and valorization is represented
by the solubilization studies, which can afford the starting point in the set-up of the best
conditions for lignin processing. In fact, it should be stressed that one of the main issues
concerning lignin exploitation is its low solubility in the most frequently used organic
solvents. In this work, the solubilization screening has been performed in six organic
solvents and in water. The selected solvents have been: tert-butyl methyl ether (MTBE),
n-butyl acetate (BuOAc), ethyl acetate (EtOAc), 2-butanone (MEK), methanol (MeOH), and
tetrahydrofuran (THF). Figure 4 shows the obtained extraction yields for rRH- (in pale
yellow), rRHT- (in dark yellow), pRH- (in orange), pRHT-Lignins (in brown), and Protobind
(in grey) for comparison, as a w/w percentage of the solubilized lignin vs. total lignin.
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Figure 4. Extraction yield of the commercial technical lignin Protobind (in grey), and the lignins
extracted from raw (in pale yellow), raw treated (dark yellow), parboiled (in orange), and parboiled
treated (in brown) rice husks. The data are reported as the percentage (w/w) of solubilized fraction
vs. total fraction in 6 different organic solvents and water.
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As expected, the four RH-lignins are quite insoluble in water, similar to what was
observed in the reference material (Protobind). When considering the solubility response
to organic solvents, RH-lignins show a substantial similarity in their solubility: a very poor
solubility (less than 10% w/w) in MTBE and BuOAc, and a slightly higher solubility in
EtOAc and MeOH in a range between 10 and 30% w/w. The best solvents appear to be
MEK and THF, as for the reference material (Protobind), where the value of the solubility
ranges from 50 up to 99% w/w. It should be noted that the lignins from rRHs seemed
to be slightly more soluble in all the solvents, except THF, if compared with the pRHs.
Moreover, the solubility of the RHT-lignins appeared to be higher than the RH-lignins in all
the organic solvents (except THF), indicating that the biomass pretreatment could generally
positively affect the solubility characteristic of the recovered lignins. This aspect appears
as an interesting outcome and suggests a potential straightforward exploitation of such
RH-recovered lignins in line with the similar exploitation routes typical of commercial
lignin materials.

2.4.2. Molar Mass Distribution

The evaluation of the molar mass distribution in the lignin recovered fractions is
a fundamental tool in order to successfully exploit these biomasses. To that end, GPC
analyses were performed to determine the molecular weight and the molecular weight
distribution of the extracted lignins. In Table 4, the number average molecular weight (Mn),
the weight average molecular weight (Mw), and the polydispersity index (Ð) of all the
RH-lignin samples and of the reference lignin Protobind 1000 are reported.

Table 4. Number average molecular weight (Mn), weight average molecular weight (Mw), and
polydispersity index (Ð) of all examined lignins (samples were eluted after acetylation; reported
values are relative to polystyrene standards).

Sample Mn (g/mol) Mw (g/mol) Ð

rRH-Lignin 1380 5330 3.86
rRHT-Lignin 1360 5195 3.82
pRH-Lignin 1320 3930 2.98

pRHT-Lignin 1310 3860 2.95
Protobind 1000 830 2800 3.37

The RH-Lignins showed a higher Mn and Mw and a similar Ð, with respect to the
Protobind lignin. Especially, in all RH-Lignins, a comparable Mn was observed. In contrast
to this, the Mw of both rRH-Lignins was found to be higher compared to both pRH-
Lignins, resulting in a higher Ð. No differences were observed between the treated and
untreated lignins, indicating that the pretreatment did not affect the molecular weight and
the molecular weight distribution of these lignins.

These results are in accordance with what was previously discussed in terms of
solubility. Indeed, on average, due to their higher Mn and Mw, RHs-lignins resulted in
being slightly less soluble in organic solvents compared to the Protobind lignin.

2.4.3. Sugar Content

The precipitated lignin fractions were washed three times after the water-mediated
precipitation from the DES solutions in order to eliminate potential DES residues, which
could contaminate the lignins and provide a sticky response of the final products. The sugar
quantification, reported in Table 5, was performed with an already established procedure
using the bicinchoninic assay method with some modifications [15,45]. Although they were
not further purified after the precipitation, all the lignins possessed a very low carbohydrate
content similar to the Protobind value; it accounted for less than 0.4% (w/w) of the free
reducing sugars. Furthermore, after the hydrolysis, the rRH- and pRH-Lignins showed the
presence of a certain quantity of complex sugars (from 5.7 to 9.1%), which was also in this
case substantially lower than the Protobind value (13%). However, pRHT-Lignin exhibited
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quite the same value as Protobind. This aspect has to be considered in view of the further
applications of these RH-Lignins in the preparation of cement water reducers.

Table 5. Results of the total reducing sugar quantification.

Sample Reducing Sugars/Biomass
(w/w%)

Reducing Sugars/Biomass after Hydrolysis
(w/w%)

rRH-Lignin 0.19 5.7
rRHT-Lignin 0.51 9.2
pRH-Lignin 0.31 9.1

pRHT-Lignin 0.38 14
Protobind 1000 0.34 13

2.4.4. 13C CP-MAS NMR

The solid-state 13C cross-polarization magic angle spinning (CP-MAS) NMR spec-
troscopy was used to define the fingerprint of each lignin and to highlight the structural
differences among the examined samples. Figure 5 shows the superposition of the 13C
CP-MAS NMR spectra of the commercial Protobind lignin with the extracted lignin samples.
At first, the RHs samples had an almost overlapping profile but clearly differed from the
Protobind reference sample (see Figure 5 Panel A). The region between 210 and 190 ppm
corresponded to the non-conjugated carbonyl groups C=O of aldehydes. In this range of
chemical shifts, there were no substantial differences among the spectra, whereas in the
aromatic region (160–100 ppm), Protobind showed a lower signal intensity at 175.7 ppm
compared to the other spectra. This indicated a lower presence of both –CO2H carboxylic
and –CO2R ester groups. In addition, the Protobind spectrum showed another signal
which was less intense than the other samples around 115 ppm, which very likely could be
attributed to a lower content of the guaiacyl units.

However, the main spectral differences were between 100 and 0 ppm (Figure 5 in
Panel B). Between 65 and 75, Protobind presented two more peaks at 74.5 and 63.7 ppm:
peaks in such a region are typical of the β-O-4 structural moiety with the –OH group at
the α-position. On the other hand, the extracted lignin samples showed at 67.4 ppm a
signal which was not present in the Protobind lignin. This region (62–75 ppm) is diagnostic
of β-O-4 structures. In the alkyl part of the spectra, the intensity of the O-CH3 peak at
55.9 ppm was comparable in all the samples. Lastly, the most significant differences were
at around 30 ppm (corresponding to the alkyl CH2) and around 20 ppm (typical of the
methyl groups). This analysis could be a very important tool in order to compare the lignins
extracted from different biomasses.
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2.4.5. Total Phenolic Content

The total phenolic content was determined in the recovered lignins from RHs using
a modified Folin–Ciocalteu (FC) assay (see Section 3.6.5 for details). In this protocol, the
samples were initially fully solubilized in DMSO before being incubated with the specific
redox reagent (FC reagent). The phenolic content results are summarized in Table 6 as the
vanillin equivalents (mmol/g of dry lignin), using the data from Protobind as the reference.

Table 6. Results of the determination of phenolic hydroxyl groups expressed as vanillin equiva-
lents/g of lignin sample. Estimated standard errors ± 0.1 mmol/g vanillin equivalent (1σ, from
calibration data).

Sample Vanillin Equivalent Content (mmol/g)

rRH-Lignin 1.6
rRHT-Lignin 1.3
pRH-Lignin 1.6

pRHT-Lignin 1.7
Protobind 1000 3.1

All four lignins from RHs show quite the same content of vanillin equivalents (around
1.3–1.6 mmol/g), which is half the value found in Protobind. In addition, also in this case it
appears that the parboiled treatment does not affect the majority of the functionalities of
the phenolic lignin.

2.4.6. Hydroxyl Groups Quantification by 31P NMR

The different hydroxyl groups present in the recovered lignins were assessed and
identified through high resolution 31P NMR spectroscopy. This technique allows for
the quantification of the different hydroxyl groups present in the lignin backbone after
derivatization with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane [46,47]. The high
natural abundance of the 31P nucleus allows us to obtain well-resolved NMR signals. Their
attribution to the different OH groups in the sample could be performed because the
chemical shifts are largely dependent on the surrounding chemical environment of the
derivatized hydroxyls. The spectra are reported in Figure 6.
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Figure 6. 31P NMR Spectra of isolated Lignins and Protobind as reference.

The signals of the RH-Lignins and Protobind spectra were integrated to differentiate
the hydroxyl groups: the signals from 150 to 147 ppm were associated with the aliphatic
hydroxyl groups, the signals from 145 to 138 ppm were related to the aromatic hydroxyl
groups, and, lastly, the signals centered at 136 ppm were attributed to the carboxylic acid
residues. The peak integration of these three chemical shift regions led to the quantification
of the total hydroxyl groups expressed in mmol of the functional group per g of dry lignin,
as reported in Table 7 below.

Table 7. Detailed hydroxyl/carboxyl quantification by 31P NMR (as mmol of functional group per g
of dry lignin).

Sample –OH Aliphatic
(mmol/g)

–OH Aromatic
(mmol/g)

–COOH
(mmol/g)

rRH-Lignin 2.42 7.12 1.43
rRHT-Lignin 2.48 7.10 1.02
pRH-Lignin 3.01 7.77 1.42

pRHT-Lignin 3.08 7.49 1.36
Protobind 1000 3.00 4.67 1.42

Additionally, in this case, the 31P NMR results showed that the three RH-Lignins had
quite the same amount of hydroxyl and carboxyl groups in their composition. In particular,
when compared with Protobind, the lignins extracted from RHs appeared to have quite the
same quantity of aliphatic OH and carboxylic groups, whereas the main differences were
showed in the aromatic hydroxyl groups, which appeared to be one and a half times higher
than in Protobind.

2.4.7. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was carried out to further study the
chemical composition of the RH-Lignins. The absorption spectra obtained are shown in
Figure 7, where the FTIR spectrum of Protobind is also presented for comparison purposes.
In general, no noticeable differences among the recovered lignins could be observed. All
the lignin fractions showed a broad absorption band in the region of 3400–3200 cm−1,
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related to the stretching vibrations of the aliphatic and phenolic OH groups, and the
signals in the region of 3050–2800 cm−1 were associated with the CH bond stretching in
the methyl and methylene groups. The major differences between the RH-Lignins and
Protobind lignin were found in the fingerprint region. In particular, while Protobind
showed a single signal located at 1710 cm−1 attributable to the stretching vibration of
C=O in unconjugated ketones, carbonyl, and ester groups, all four RH-Lignins were
characterized by an additional peak at 1740 cm−1. This signal was associated with C=O
stretching vibrations likely resulting from the presence of different carbohydrate species
entrapped in the recovered RH-Lignin fractions, as also evident from Table 5. This result
was also confirmed by the signal detectable at 1650 cm−1 for such materials, related to
conjugated carbonyl/carboxyl stretching in C=O moieties [48].
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2.4.8. Thermal Behavior

The glass transition temperatures (Tg) of all the lignin samples were assessed by
means of differential scanning calorimetry (DSC). The thermograms reported in Figure 8
showed that the Tg of the recovered RH-Lignins were slightly higher compared to that
of the reference lignin material (Protobind). In particular, rRH- and pRH-Lignins were
characterized by the same Tg, close to 160 ◦C. This value was higher compared to the Tg
of the rRHT- and pRHT-Lignin, which instead were detected at around 157 and 149 ◦C,
respectively, meaning that the treatment has slightly affected the molecular structure and
thus the macromolecular mobility of such a lignin fraction. The behavior is perfectly
in accordance with the results of both GPC analyses and 31P NMR. Especially, the GPC
analyses showed a higher Mw and Mn of the RH-Lignins. Along the same lines, 31P NMR
allowed us to detect a higher abundance of OH aromatic functionalities, which can induce
the higher intra/intermolecular hydrogen bonding capability, ultimately resulting in a
reduced molecular motion (viz., reduced free volume and higher Tg).
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To study the thermal stability behavior of the lignin samples, thermogravimetric
analysis (TGA) was performed as well. The mass loss traces as a function of the temperature
of the RH-Lignins and of Protobind are reported in Figure 9, where the mass derivative
(DTG) is also shown.
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As it can be observed, all RH-Lignin fractions exhibited a slightly improved thermal
response as compared with the reference material (Protobind) over the entire temperature
range which was investigated. This can be associated with the slightly higher molecular
weights (and characteristic thermal transitions) found in RH-Lignins, which result in a
higher stability towards thermo-oxidative degradation. In particular, a relatively monotonic
mass loss response is observed, where a single broad degradation event can be detected.
This behavior is reflected in the temperatures at which 10% and 50% mass losses are
registered, which appear in line with Protobind (Table 8).
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Table 8. Characteristic mass loss temperatures (10% mass loss, 50% mass loss, and maximum
degradation rate) for the analyzed lignins. The reference Protobind system is also reported.

Sample T10% (◦C) T50% (◦C) TDTGmax (◦C)

rRH-Lignin 247 480 532
rRHT-Lignin 256 482 531
pRH-Lignin 245 477 538

pRHT-Lignin 243 486 538
Protobind 1000 227 444 472

2.5. Water Reduction in Cement Pastes

Natural lignins are a very interesting resource for the development of sustainable
traditional cement water reducers. Moreover, high-performance lignin-based cement water
reducers can also be developed through different types of lignin derivatization [49–52].
Typically, lignosulfonates show better water-reducing capabilities than natural lignins, but
even the latter have been successfully adopted as a starting point in the development of
high-performance experimental cement plasticizers. This was obtained both in the pres-
ence [53] and in the absence of sulfonation steps [49]. The DES-mediated fractionation of the
lignocellulosic biomass is a mild process that results in the production of non-derivatized
lignins comparable to those obtained by organosolv or soda processes. The lignins (rRH-
and pRH-Lignins) obtained in the present study were thus evaluated using a commercial
soda lignin (Protobind) as a reference. The measured water reduction capabilities, made by
cement pastes (a blend of water and cement powder), are reported in Figure 10.
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The results indicated a comparable water reduction activity for the lignins derived
from the rRH and pRH samples. Both lignins demonstrated an equivalent performance
in comparison to the commercial soda lignin Protobind. The reported data are in a good
agreement with a previous study based on BSG as a lignocellulosic starting material [15].
Indeed, the obtained results indicate that the lignin derived from the proposed process is
comparable to a typical industrial soda lignin and that it constitutes a suitable basis for the
development of sustainable, high performance concrete water reducers. Moreover, these
results indicate that the lignin derived from the pRH is comparable to that of rRH.
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3. Materials and Methods
3.1. Materials and General Methods

The rice husk samples (from Oriza sativa) were kindly provided by Riso Scotti S.p.A.
(Pavia, Italy) as raw rice husk derived from the processing of japonica (90%) and indica (10%)
rice varieties and parboiled rice husk derived from indica (75%) and japonica (25%) varieties.
Protobind 1000 (a mixed wheat straw/sarkanda grass lignin from the soda pulping of
non-woody biomass) was provided by Tanovis (Alpnach, Switzerland).

All air- and moisture-sensitive reactions were carried out using dry solvents and
under a static atmosphere of nitrogen. Choline chloride (C0329), betaine glycine (B0455)
and L-lactic acid (L0165), D-(+)-Galactose, and L-(−)-fucose were purchased from TCI
(Milano, Italy), whereas (L)-(+)-rhamnose, L-(+)-arabinose, D-(+)-xylose, D-(+)-mannose,
D-(+)-glucose, and the other reagents and the employed solvents, used without a further
purification, were obtained from Merck (Merck Life Science S.R.L., Milan, Italy).

Thin layer chromatography (TLC) Merck silica gel 60 F254 plates (Merck Millipore,
Milan, Italy) were used for analytical TLC.

The identification and the quantification of the low molecular weight aromatic com-
pounds obtained in the pre-treatment step were carried out using gas chromatography
coupled with mass spectrometry (GC-MS). The GC-MS apparatus used is an Agilent GC
System 7890A, with an inert MSD with a Triple-Axis Detector 7975C. The gas carrier was
helium at a flux of 1.18 mL/min. The separation was performed on a DB-5MS column
(30 m × 250 µm × 0.25 µm, Phenomenex, Bologna, Italy) with a temperature program of
50 ◦C (1 min) to 280 ◦C at 10 ◦C/min, 280 ◦C at 15 min (total run time 39 min). A solvent
delay of 4 min was selected. The samples were dissolved in methanol or acetone in a
concentration of around 0.5–1 mg/mL.

3.2. Microorganisms and Growth Media

Myceliophthora thermophila (CBS 866.85) and Rhizomucor pusillus (CBS 354.68) were
purchased from the CBS-KNAW collection (Utrecht, The Netherlands). Trichoderma viride
(DSM 63065) was purchased from the DSMZ GmbH collection (Braunschweig, Germany).

The microbial inoculum for the RH pretreatment consisted of the suspension of the
suitable fungal spores in distilled water. The latter suspensions were prepared adding sterile
water to the suitable fungal culture, grown on an agar slant, followed by the scrubbing of
the sporulated surface.

Trace elements solution: FeCl3 (50 mM), CaCl2 (20 mM), MnCl2 (10 mM), ZnSO4
(10 mM), CoCl2 (2 mM), CuCl2 (2 mM), NiCl2 (2 mM), Na2MoO4 (2 mM), Na2SeO3 (2 mM),
and H3BO3 (2 mM). All inorganic salts were purchased from Carlo Erba (Milano, Italy).

3.3. Determination of Rice Husks Composition

The rRH and pRH compositions have been determined with a known multistep
procedure with minor modifications [33]. The RH (1 g, value a) was suspended and stirred
in deionized water (150 mL) at 100 ◦C for 1 h. Then, after filtration, the solid was washed
by deionized water (300 mL), dried in an oven at 80 ◦C, and weighted (value b). The solid
was treated with 1 N of H2SO4 (150 mL) at 100 ◦C for 1 h. Then, the suspension was filtered
again, washed with water, and the solid was dried and weighted (value c). The solid was
mixed with 72% H2SO4 (10 mL) for 4 h at r.t. and treated with 1 N of H2SO4 (150 mL) under
a reflux for 1 h. After cooling, the solid was isolated by filtration, dried, and weighted
(value d). The final residue was then calcinated in an oven at 600 ◦C for 6 h and the residue
has been quantified (value e). The fractions of the different components were quantified
with the following equations:

hemicellulose (%) = 100 × [(b − c)/a];

cellulose (%) = 100 × [(c − d)/a];

lignin (%) = 100 × [(d − e)/a].
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3.3.1. Determination and Quantification of Hemicellulose Components

The procedure was performed according to Foster et al., with minor modifications [36].
The monosaccharides fraction obtained from the hemicellulose hydrolysis (obtained in
Section 3.3) was dissolved in deionized water (30 mL) and was treated with NaBH4 (1 g,
26.4 mmol) stirring at r.t. for 2 h. Then, the reaction was quenched by the careful addition
of glacial acetic acid (10 mL), keeping the temperature under 30 ◦C by external cooling.
The solvent (water) and the excess of acetic acid were removed by evaporation under a
reduced pressure and the obtained powder was treated with pyridine (30 mL) and acetic
anhydride (30 mL) stirring at a reflux for 1 h. Hence, the reaction was concentrated to the
dryness under a reduced pressure and the residue was partitioned between ethyl acetate
(70 mL) and water (100 mL). The aqueous phase was extracted again with ethyl acetate
(50 mL) and the combined organic phases were washed in turn with saturated NaHCO3
aq. (100 mL) and with brine (100 mL). The resulting solution was dried (Na2SO4) and
concentrated in vacuo. The residue contained the alditol acetates of the hemicellulose
monosaccharides, whose relative composition was determined by GC-MS analysis. GC-MS
analyses for the determination of sugar composition in hemicellulose were performed
on an HP-6890 gas chromatograph equipped with a 5973 mass detector and using an
HP-5MS column (30 m × 0.25 mm, 0.25 µm film thickness; Hewlett Packard, Palo Alto, CA,
USA). The temperature program was the following: 120 ◦C (3 min)—12 ◦C/min—195 ◦C
(10 min)—12 ◦C/min—300 ◦C (10 min); carrier gas: He; constant flow 1 mL/min; and split
ratio: 1/30. The reference standards of the alditole acetates were prepared starting from the
corresponding monosaccharides, following the reduction/acetylation protocol described
above. The retention times of the alditole acetates are given below for each monosaccharide
derivative: rhamnose 14.03 min; fucose 14.30 min; arabinose 14.46 min; xylose 14.88 min;
mannose 21.55 min; glucose 21.65 min; and galactose 21.96 min.

3.4. Rice Husks Preprocess
3.4.1. Hydro-Thermal Preprocess

A sample of rice husk (30 g) was suspended in distilled water (1 L) and was heated
in an autoclave at 121 ◦C for 20 min. After cooling, the solid residue was removed by
filtration and the aqueous phase was concentrated under a reduced pressure until it reached
complete dryness. The crude extracts of rRH and pRH were 2.1% and 2.8% w/w of the
starting biomass, respectively. They were further fractionated by extraction with ethyl
acetate and filtrated on a short silica gel column. The so-obtained solvent soluble fractions
were derivatized as previously described and then analyzed by GC-MS [54]. Briefly, a
mixture of 25 µL of pyridine, 250 µL of dioxane, and 75 µL of silylation mixture composed of
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, Sigma T6381) with trimethylchlorosilane
(TMC, Sigma T6381) was incubated with 1 mg of the sample heated in a thermomixer
(1.5 mL vial Eppendorf Thermomixer Comfort) at 70 ◦C and 600 rpm for 30 min. At the
end, 100 µL of the mixture were withdrawn, added to 100 µL of dioxane, and analysed
by GC-MS with the same apparatus and analytical method reported in Section 3.1. The
identification of the compounds was performed by means of an NIST 2008 mass spectral
library search and then the selected peaks were confirmed with the known standards
(comparing both the mass spectrum and chromatographic coordinate).

3.4.2. Microbiological Preprocess

A sample of ground pRH (25 g) was added to a 1 L flask which contained distilled
water (250 mL), yeast extract (0.3 g), NH4Cl (0.8 g), and the microelement solution (4 mL).
The flask was sealed with a cellulose plug and was sterilized at 121 ◦C for 15 min. Then,
the obtained mixture was inoculated with the selected strain and the microbial growth was
performed according to the experimental conditions indicated below.

Myceliophthora thermophila (CBS 866.85): 45 ◦C, 6 days, 130 rpm
Rhizomucor pusillus (CBS 354.68): 35 ◦C, 8 days, 130 rpm
Trichoderma viride (DSM 63065): 24 ◦C, 8 days, 130 rpm
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Hence, the microbial transformation was interrupted by filtration on a narrow mesh
metallic filter. The recovered RH was washed with deionized water and was dried (venti-
lated oven, 60 ◦C, 24 h).

According to this procedure, the difference between the weight of the recovered pRH
and the weight of the untreated sample takes into account of the sum of the husk soluble
fractions and of the husk organic fraction depleted by the fungal strain during its growth
process. Overall, the fraction between this weight difference over the corresponding RH
initial weight (given as w/w percentages) indicates the degradative capability of the strain.
The obtained results are listed below:

Myceliophthora thermophila: 18%; Rhizomucor pusillus: 19%; and Trichoderma viride: 14%.

3.5. Rice Husks Lignocellulose Process
3.5.1. Preparation of DESs

The DESs were prepared in a closed flask by mixing the anhydrous hydrogen bond
acceptor (HBA) with the hydrogen bond donor (HBD) in the determined molar ratio
(see Section 2.3) and was stirred at 120 ◦C for 4 h until the liquid phase appeared to be
completely homogeneous and clear. The products were then dried under a vacuum and
stored at room temperature in a desiccator in the presence of anhydrous calcium chloride
until further use. The 1H NMR spectrum of the selected DES 2 (choline chloride/L-lactic
acid 1/5) for the full fractionation is reported in the Supplementary Materials (Figure S1).

3.5.2. DES-Mediated Lignocellulose Process

The rice husk (25 g) was suspended in a DES of choline chloride/L-lactic acid 1/5
(250 mL) at 130 ◦C in a round-bottom flask under magnetic stirring for 24 h. After cooling,
ethanol (500 mL) was then added gradually over 2 h in order to precipitate the cellulose-
enriched fraction. The solid particulate was separated by centrifugation and filtration,
washed many times with ethanol, and dried to give a final solid RH-Cellulose-enriched
fraction (~15 g) with a yield of 59–61% (w/w initial biomass). This fraction was further
fractionated in order to quantify the silica content (see Section 3.5.3). The silica content
accounted for 12.8% (w/w biomass).

The filtrate after the ethanol treatment was then concentrated by the rotary evaporation
under the vacuum to eliminate the solvent. Water (500 mL) was added, and the suspension
was stirred for 24 h at 4 ◦C. The obtained precipitate was then centrifuged, filtered, and
washed three times for 1 h with a solution of water/ethanol 9/1. After the centrifugation,
filtration, and solvent evaporation, the final fraction (RH-Lignin, ~3 g) was recovered with
a final yield of 10% (w/w initial biomass).

3.5.3. Determination of Silica Content in Cellulose-Enriched Fractions

The cellulose-enriched fractions, derived from DES-mediated fractionation, were
analyzed in order to determine their silica contents, using the Yoshida procedure based on
the complete oxidation of the organic materials by heating with a mixture of strong acids
with some modifications. We employed an acid mixture with the following composition:
HNO3 aq. (65% w/v) 75 mL, H2SO4 aq. (96% w/v) 15 mL, and HClO4 aq. (70% w/v) 30 mL.

Each sample of the cellulose-enriched fractions (about 2 g, dry weight) was placed
in a round bottomed flask containing a stirring bar and equipped with a condenser. The
fractions were treated with 20 mL of the acid mixture and were allowed to predigest under
a fume hood for 3 h. Then, the obtained brown slurries were heated at reflux under stirring
for six h. The resulting colorless silica suspensions were ice-cooled, diluted with 60 mL of
distilled water, and centrifuged (9000 rpm, 4 ◦C). The collected silica samples were washed
with distilled water (2 × 25 mL), with acetone (25 mL), and were then dried at a reduced
pressure. The weights of the obtained silica samples were employed to calculate the silica
content of the cellulose-enriched fractions and thus of the starting rice husk samples (both
given as a w/w percentage).
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3.6. Lignin Characterization
3.6.1. Solvent Solubilization Determination

The lignin solvent’s solubility was determined by treating 1 g of the analyzed lignin
with 10 mL of the different solvents under stirring at 400 rpm. Each test was carried out
overnight at room temperature. The suspension was then filtered and the solvent was
evaporated at a reduced pressure, and the final residue was dried until a constant weight
was achieved prior to the quantification.

3.6.2. Molar Mass Determination

A Waters 510 HPLC system equipped with a refractive index detector was used for the
GPC analyses. Tetrahydrofuran (THF) was used as the eluent. The analyzed lignin sample
(volume 200 µL, concentration 1 mg/mL in THF) was injected into a system of the three
columns connected in series (Ultrastyragel HR, Waters − dimensions 7.8 mm × 300 mm)
and the analysis was performed at 30 ◦C at a flow rate of 0.5 mL/min. The calibration was
performed against polystyrene standards in the 102−104 g/mol molecular weight range.
The samples have been acetylated to allow for a complete solubility in the THF eluent. The
estimation of the number-average and weight-average molecular weights of the obtained
lignin fractions was performed excluding the signals related to the solvent (THF) and the
solvent stabilizer (butylated hydroxytoluene), visible at long elution times (>29.5 min).

3.6.3. Sugar Content Determination

The total sugars quantification was performed with a previously described method
based on a bicinchoninic assay [15,44].

3.6.4. 13C CP-MAS NMR Analysis

Solid state NMR experiments were carried out on a Bruker NEO 500 MHz spectrometer
(Bruker, Billerica, MA, USA) equipped with an i-probe solid state probe. The samples
(150 mg) were packed into 4 mm zirconia rotors and sealed with Kel-F caps. All the
NMR spectra were recorded at 298 K. The 13C CP-MAS NMR spectra were performed at
125 MHz. The spin-rate was kept at 8 KHz. The 90-pulse width was 3.2 µs, the relaxation
delay was 4 s, the acquisition number was 17,000, and the contact time was 1.5 ms. The
spectra were obtained using 1024 data points in the time domain, zero-filled, and Fourier
transformed. All the data were processed using the MestreNova 6.0.2 software (Mestrelab
Research, Santiago de Compostela, Spain). An adamantane standard was used as the
external referencing standard to calibrate the 13C chemical shifts.

3.6.5. Folin–Ciocalteu Analysis

The total phenolic content of the lignins was determined by a modified Folin–Ciocalteu
(FC) protocol with some modifications to the sample preparation step, as previously
described [54,55]. Briefly, the samples were dissolved in DMSO with a final concentration
of 2 mg/mL. For each determination, 5 µL of the working solution (or the standard
solution) were then mixed with 120 µL of deionized water, 125 µL of FC reagent (Sigma
47641), and kept for 6 min at room temperature after 30 s of vortex stirring. Then, after
the addition of 1.25 mL of 5% sodium carbonate and mixing, the vial was incubated in
a thermoshaker at 40 ◦C for 30 min. The reaction mixture absorbance was measured
using a UV–Vis spectrophotometer (Jasco V-560) equipped with a temperature-controlled
cuvette holder and a thermostatic water bath (Haake K10, Karlsruhe, Germany). All the
spectrophotometric measurements were carried out at 760 nm, 25 ◦C, using a 1 cm optical
path cuvette and deionized water as the blank sample. Vanillin was chosen as the reference
standard. The calibration curve was constructed with nine different vanillin solutions
in DMSO with a concentration in the range 0–500 µg/mL (see Supplementary Materials
Figure S2). Each FC assay determination was carried out in triplicate.
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3.6.6. 31P NMR Analysis
31P NMR spectroscopic analyses were recorded on a Bruker Instrument AVANCE400

spectrometer (Milano, Italy). The acquisition and data treatment were performed with
Bruker TopSpin 3.2 software (Milano, Italy). The spectra were collected at 29 ◦C with a 4 s
acquisition time, 5 s relaxation delay, and 256 scans. Prior to the analysis, the samples were
dried for 24 h under a vacuum and then derivatized according to the following procedure.

The sample (40 mg) was completely dissolved in 300 µL of N,N-dimethylformamide.
To this solution, the following components were added: 200 µL of dry pyridine, 100 µL of so-
lution of an internal standard (10 mg of Endo-N-hydroxy-5-norbornene-2,3-dicarboximide
(Sigma 226378) dissolved in 0.5 mL of a mixture of pyridine and CDCl3 1.6:1 v/v), 50 µL
of a relaxation agent solution (5.7 mg of chromium (III) acetylacetonate (Sigma 574082)
dissolved in 0.5 mL of a mixture of pyridine and CDCl3 1.6:1 v/v), 100 µL of 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane (Sigma 447536), and, at the end, 200 µL of CDCl3. The
solution was centrifuged and/or filtered if necessary. All the chemical shifts reported were
related to the reaction product of the phosphorylating agent with water, which gave a
signal at 132.2 ppm.

3.6.7. Fourier-Transform Infrared Spectroscopy Analysis

The FTIR spectra were collected with a Nicolet Nexus 760 FTIR spectrophotometer.
The samples were prepared by pressing the lignin powders with KBr powder to obtain
thin discs. The spectra were recorded at room temperature, in air, in transmission mode
(64 accumulated scans at a resolution of 4 cm−1) in the 4000–1000 cm−1 wavenumber range.

3.6.8. Differential Scanning Calorimetry Analysis

DSC analysis was employed to investigate the thermal transitions in the lignin samples.
Measurements were carried out on 10–15 mg samples by means of a Mettler-Toledo DSC
823e instrument. Three runs (heating/cooling/heating) were performed: from 25 ◦C to
150 ◦C to remove the water from the samples, from 150 ◦C to 25 ◦C, and from 25 ◦C to
200 ◦C, at a scan rate of 20 ◦C/min under a nitrogen flux. The glass transition temperature
(Tg) of the samples was evaluated as the inflection point in the second heating run.

3.6.9. Thermogravimetric Analysis

TGA was performed on all the lignin samples (~15 mg) by means of a Q500 TGA
system (TA Instruments, Milan, Italy) from an ambient temperature to 800 ◦C, at a scan
rate of 10 ◦C/min in air.

3.7. Determination of Water Reduction in Cement Pastes

The complete description of the laboratory method for the preliminary estimation
of the water reduction capabilities of the fractionated lignins was reported in detail in a
previous work [15]. Briefly, the analysis is based on the evaluation of the relative Bingham
dynamic yield torque of cement pastes containing 0.2% of lignin (w/w relative to dry
cement) at a different water/cement (w/c) ratio [56].

By measuring the dynamic yield torque of the cement pastes at various w/c ratios, it is
possible to calculate by inverse regression the w/c ratio needed to obtain a predetermined
reference torque value and thus to determine the water reduction capacity for each lignin
under study. In this study, the reference Bingham dynamic yield torque was obtained with
a pure cement paste with a 0.45 w/c ratio. The actual water reduction obtained for each
lignin is given by the following equation

WR = 100 · (1 − WL
Wre f

)

where WR is the water reduction (%), WL is the measured w/c ratio at the reference yield
torque for the given lignin, and Wref is the reference w/c ratio (0.45). This procedure allows
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us to measure the effective water reduction capability of each lignin in the preparation of
cement pastes in the given conditions. In the present work, the water reduction capability
was measured for rRH-Lignin, for pRH-Lignin and, as a reference, for a well-known
commercial soda lignin (Protobind).

4. Conclusions

Among the agri-food cultivations, rice has a huge social and economic importance.
For this reason, the exploitation of waste residues coming from its production possesses an
important interest for the scientific community and for the society.

In this work, we demonstrated a multistep lignocellulosic fractionation process of raw
and parboiled rice husks by means of DESs based on non-toxic, renewable components. The
fractionation allowed us to recover a cellulose/silica fraction, precipitated by the addition
of ethanol, and a lignin-based fraction, precipitated by the addition of water.

The lignin fractions obtained from both raw and parboiled rice husks were fully
characterized and compared for the first time. The results show similar physico-chemical
properties between the two recovered lignins, indicating that the parboiling process does
not alter significantly the lignin characteristics. Moreover, because of the mild separation
conditions allowed by the DES-mediated process, the resulting lignins were underivatized
and demonstrated a limited degradation.

Both lignins were studied as a potential base for the production of cement water
reducers, the latter being an important application field for lignin derivatives. The obtained
results confirmed the substantial equivalence of the two lignins for the target application
and indicated that both are comparable to a commercial soda lignin taken as a refer-
ence benchmark.

A preprocess step based on fermentation was also studied. However, the obtained
results demonstrated the limited degradability of both raw and parboiled RHs, even using
cellulose-degrading fungi. A possible cause for such behavior was found in the relatively
high silica content in both RHs (about 13%).

These preliminary data show, at a 25 g lab-scale, the potentialities of DES-mediated
fractionation processes in the lignocellulosic fractionation of RHs. This protocol is a
promising base for a future implementation on a larger scale. Considering the very large
volume of the worldwide rice production and the environmental friendliness of DES-based
processes, the reported results constitute an encouraging step towards the exploitation of
RH wastes in line with the strategic objectives of the circular economy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27248879/s1, Figure S1: 1H NMR spectrum of DES
2 choline chloride/L-lactic acid (1:5 mol/mol); Figure S2: Calibration curve of Folin–Ciocalteu phenol
titration with vanillin.; Table S1: Yields of mass recovery in the different tested DESs.

Author Contributions: Conceptualization, P.D., S.S. and A.S.; methodology, P.D., A.S., L.S. and S.S.;
investigation, C.A., E.B., M.F., G.G., L.A.M.R., E.R., L.S., S.S. and A.S.; resources, P.D., G.G., S.S., A.S.
and S.T.; writing—original draft preparation, P.D., G.G., S.S. and A.S.; writing—review and editing,
C.A., P.D., M.F., G.G., L.A.M.R., S.S., A.S., E.R. and S.T.; funding acquisition, P.D., G.G., S.S. and S.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research project has been partially funded by Regione Lombardia and Fondazione
Cariplo (grant number 2018-1739, project: POLISTE) and by the European Union’s Horizon 2020
Research and Innovation Programme (grant Agreement no. 952941, project: BIOMAC). L.R. is a Ph.D.
student of the Research Doctorate Program in Chemical Engineering and Industrial Chemistry at
Politecnico di Milano.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and the Supplementary Materials.

134



Molecules 2022, 27, 8879

Acknowledgments: The authors gratefully acknowledge Francesco Gatti (Politecnico of Milano) for
the scientific discussions and his valuable help. The authors also gratefully thank Riso Scotti S.p.A.
(Pavia, Italy) for providing the rice husk samples.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. FAO. World Food and Agriculture—Statistical Yearbook 2021; FAO: Rome, Italy, 2021. [CrossRef]
2. FAO. FAOSTAT Database. Available online: www.fao.org/faostat (accessed on 31 May 2022).
3. Buggenhout, J.; Brijs, K.; Celus, I.; Delcour, J.A. The breakage susceptibility of raw and parboiled rice: A review. J. Food Eng. 2013,

117, 304–315. [CrossRef]
4. Tan, B.L.; Norhaizan, M.E. Rice By-Products: Phytochemicals and Food Products Application; Springer Nature: Cham, Switzerland, 2020.

[CrossRef]
5. Balbinoti, T.C.V.; Nicolin, D.J.; Jorge, L.M.D.; Jorge, R.M.M. Parboiled Rice and Parboiling Process. Food Eng. Rev. 2018, 10,

165–185. [CrossRef]
6. Shimizu, N.; Kimura, T. Quality Evaluation of Parboiled Rice with Physical Properties. Food Sci. Technol. Res. 2001, 7, 57–63.

[CrossRef]
7. Liu, J.; Li, X.; Row, K.H. Development of deep eutectic solvents for sustainable chemistry. J. Mol. Liq. 2022, 362, 119654. [CrossRef]
8. Isci, A.; Kaltschmitt, M. Recovery and recycling of deep eutectic solvents in biomass conversions: A review. Biomass Convers.

Biorefinery 2022, 12, 197–226. [CrossRef]
9. Gong, L.; Zha, J.; Pan, L.; Ma, C.; He, Y.C. Highly efficient conversion of sunflower stalk-hydrolysate to furfural by sunflower stalk

residue-derived carbonaceous solid acid in deep eutectic solvent/organic solvent system. Bioresour. Technol. 2022, 351, 126945.
[CrossRef]

10. Wu, M.; Gong, L.; Ma, C.; He, Y.-C. Enhanced enzymatic saccharification of sorghum straw by effective delignification via
combined pretreatment with alkali extraction and deep eutectic solvent soaking. Bioresour. Technol. 2021, 340, 125695. [CrossRef]

11. Lin, G.; Tang, Q.; Huang, H.; Yu, J.; Li, Z.; Ding, B. Process optimization and comprehensive utilization of recyclable deep eutectic
solvent for the production of ramie cellulose fibers. Cellulose 2022, 29, 3689–3701. [CrossRef]

12. Zhu, Y.; Yu, Z.; Zhu, J.; Zhang, Y.; Ren, X.; Jiang, F. Developing flame-retardant lignocellulosic nanofibrils through reactive deep
eutectic solvent treatment for thermal insulation. Chem. Eng. J. 2022, 445, 136748. [CrossRef]

13. Allegretti, C.; Gatti, F.G.; Marzorati, S.; Rossato, L.A.M.; Serra, S.; Strini, A.; D’Arrigo, P. Reactive Deep Eutectic Solvents (RDESs):
A New Tool for Phospholipase D-Catalyzed Preparation of Phospholipids. Catalysts 2021, 11, 655. [CrossRef]

14. Zhou, M.; Fakayode, O.A.; Yagoub, A.A.; Ji, Q.H.; Zhou, C.S. Lignin fractionation from lignocellulosic biomass using deep
eutectic solvents and its valorization. Renew. Sustain. Energy Rev. 2022, 156, 111986. [CrossRef]

15. Allegretti, C.; Bellinetto, E.; D’Arrigo, P.; Griffini, G.; Marzorati, S.; Rossato, L.A.M.; Ruffini, E.; Schiavi, L.; Serra, S.; Strini,
A.; et al. Towards a Complete Exploitation of Brewers’ Spent Grain from a Circular Economy Perspective. Fermentation 2022,
8, 151. [CrossRef]

16. de Baynast, H.; Tribot, A.; Niez, B.; Audonnet, F.; Badel, E.; Cesar, G.; Dussap, C.-G.; Gastaldi, E.; Massacrier, L.; Michaud, P.; et al.
Effects of Kraft lignin and corn cob agro-residue on the properties of injected-moulded biocomposites. Ind. Crops Prod. 2022,
177, 114421. [CrossRef]

17. Fiorani, G.; Crestini, C.; Selva, M.; Perosa, A. Advancements and Complexities in the Conversion of Lignocellulose Into Chemicals
and Materials. Front. Chem. 2020, 8, 797. [CrossRef]

18. Tanase-Opedal, M.; Espinosa, E.; Rodríguez, A.; Chinga-Carrasco, G. Lignin: A Biopolymer from Forestry Biomass for Biocom-
posites and 3D Printing. Materials 2019, 12, 3006. [CrossRef]

19. Carlos de Haro, J.; Magagnin, L.; Turri, S.; Griffini, G. Lignin-Based Anticorrosion Coatings for the Protection of Aluminum
Surfaces. ACS Sustain. Chem. Eng. 2019, 7, 6213–6222. [CrossRef]

20. de Haro, J.C.; Allegretti, C.; Smit, A.T.; Turri, S.; D’Arrigo, P.; Griffini, G. Biobased Polyurethane Coatings with High Biomass
Content: Tailored Properties by Lignin Selection. ACS Sustain. Chem. Eng. 2019, 7, 11700–11711. [CrossRef]

21. Tribot, A.; Amer, G.; Abdou Alio, M.; de Baynast, H.; Delattre, C.; Pons, A.; Mathias, J.-D.; Callois, J.-M.; Vial, C.; Michaud, P.; et al.
Wood-lignin: Supply, extraction processes and use as bio-based material. Eur. Polym. J. 2019, 112, 228–240. [CrossRef]

22. Wang, H.; Pu, Y.; Ragauskas, A.; Yang, B. From lignin to valuable products-strategies, challenges, and prospects. Bioresour. Technol.
2019, 271, 449–461. [CrossRef]

23. de Haro, J.C.; Tatsi, E.; Fagiolari, L.; Bonomo, M.; Barolo, C.; Turri, S.; Bella, F.; Griffini, G. Lignin-Based Polymer Electrolyte
Membranes for Sustainable Aqueous Dye-Sensitized Solar Cells. ACS Sustain. Chem. Eng. 2021, 9, 8550–8560. [CrossRef]

24. Trano, S.; Corsini, F.; Pascuzzi, G.; Giove, E.; Fagiolari, L.; Amici, J.; Francia, C.; Turri, S.; Bodoardo, S.; Griffini, G.; et al. Lignin as
Polymer Electrolyte Precursor for Stable and Sustainable Potassium Batteries. ChemSusChem 2022, 15, e202200294. [CrossRef]
[PubMed]

25. Zhao, B.; Borghei, M.; Zou, T.; Wang, L.; Johansson, L.-S.; Majoinen, J.; Sipponen, M.H.; Österberg, M.; Mattos, B.D.; Rojas, O.J.
Lignin-Based Porous Supraparticles for Carbon Capture. ACS Nano 2021, 15, 6774–6786. [CrossRef] [PubMed]

135



Molecules 2022, 27, 8879

26. Österberg, M.; Sipponen, M.H.; Mattos, B.D.; Rojas, O.J. Spherical lignin particles: A review on their sustainability and applications.
Green Chem. 2020, 22, 2712–2733. [CrossRef]

27. Momayez, F.; Hedenström, M.; Stagge, S.; Jönsson, L.J.; Martín, C. Valorization of hydrolysis lignin from a spruce-based
biorefinery by applying γ-valerolactone treatment. Bioresour. Technol. 2022, 359, 127466. [CrossRef] [PubMed]

28. Giannì, P.; Lange, H.; Crestini, C. Functionalized Organosolv Lignins Suitable for Modifications of Hard Surfaces. ACS Sustain.
Chem. Eng. 2020, 8, 7628–7638. [CrossRef] [PubMed]

29. Edmeades, R.M.; Hewlett, P.C. Cement admixtures. In Lea’s Chemistry of Cement and Concrete, 4th ed.; Hewlett, P.C., Ed.;
Butterworth-Heinemann: Oxford, UK, 1998; pp. 841–905.

30. Lou, H.M.; Lai, H.R.; Wang, M.X.; Pang, Y.X.; Yang, D.J.; Qiu, X.Q.; Wang, B.; Zhang, H.B. Preparation of Lignin-Based
Superplasticizer by Graft Sulfonation and Investigation of the Dispersive Performance and Mechanism in a Cementitious System.
Ind. Eng. Chem. Res. 2013, 52, 16101–16109. [CrossRef]

31. Zheng, T.; Zheng, D.F.; Qiu, X.Q.; Yang, D.J.; Fan, L.; Zheng, J.M. A novel branched claw-shape lignin-based polycarboxylate
superplasticizer: Preparation, performance and mechanism. Cem. Concr. Res. 2019, 119, 89–101. [CrossRef]

32. Gupta, C.; Nadelman, E.; Washburn, N.R.; Kurtis, K.E. Lignopolymer Superplasticizers for Low-CO2 Cements. Acs Sustain. Chem.
Eng. 2017, 5, 4041–4049. [CrossRef]

33. Okur, M.; Eslek Koyuncu, D.D. Investigation of pretreatment parameters in the delignification of paddy husks with deep eutectic
solvents. Biomass Bioenergy 2020, 142, 105811. [CrossRef]

34. Jackson, M.G. Review article: The alkali treatment of straws. Anim. Feed. Sci. Technol. 1977, 2, 105–130. [CrossRef]
35. Xiao, B.; Sun, X.F.; Sun, R. Chemical, structural, and thermal characterizations of alkali-soluble lignins and hemicelluloses, and

cellulose from maize stems, rye straw, and rice straw. Polym. Degrad. Stab. 2001, 74, 307–319. [CrossRef]
36. Foster, C.E.; Martin, T.M.; Pauly, M. Comprehensive Compositional Analysis of Plant Cell Walls (Lignocellulosic biomass) Part I:

Lignin. J. Vis. Exp. 2010, 37, e1745. [CrossRef] [PubMed]
37. Singh, B. Myceliophthora thermophila syn. Sporotrichum thermophile: A thermophilic mould of biotechnological potential. Crit. Rev.

Biotechnol. 2016, 36, 59–69. [CrossRef] [PubMed]
38. Hu, K.Y.; Zhang, Z.C.; Wang, F.; Fan, Y.J.; Li, J.H.; Liu, L.; Wang, J. Optimization of the Hydrolysis Condition of Pretreated Corn

Stover using Trichoderma viride Broth based on Orthogonal Design and Principal Component Analysis. Bioresources 2018, 13,
383–398. [CrossRef]

39. Adams, P.R. Extracellular amylase activities of Rhizomucor pusillus and Humicola lanuginosa at initial stages of growth. Myco-
pathologia 1994, 128, 139–141. [CrossRef]

40. Henriksson, G.; Akin, D.E.; Slomczynski, D.; Eriksson, K.-E.L. Production of highly efficient enzymes for flax retting by Rhizomucor
pusillus. J. Biotechnol. 1999, 68, 115–123. [CrossRef]

41. Hong, S.; Shen, X.-J.; Xue, Z.; Sun, Z.; Yuan, T.-Q. Structure–function relationships of deep eutectic solvents for lignin extraction
and chemical transformation. Green Chem. 2020, 22, 7219–7232. [CrossRef]

42. Tan, Y.T.; Ngoh, G.C.; Chua, A.S.M. Effect of functional groups in acid constituent of deep eutectic solvent for extraction of
reactive lignin. Bioresour. Technol. 2019, 281, 359–366. [CrossRef]

43. Yoshida, S.; Institute, I.R.R. Laboratory Manual for Physiological Studies of Rice; International Rice Research Institute: Los Baños,
Philippines, 1976.

44. Allegretti, C.; Boumezgane, O.; Rossato, L.; Strini, A.; Troquet, J.; Turri, S.; Griffini, G.; D’Arrigo, P. Tuning Lignin Characteristics
by Fractionation: A Versatile Approach Based on Solvent Extraction and Membrane-Assisted Ultrafiltration. Molecules 2020,
25, 2893. [CrossRef]

45. D’Arrigo, P.; Allegretti, C.; Tamborini, S.; Formantici, C.; Galante, Y.; Pollegioni, L.; Mele, A. Single-batch, homogeneous phase
depolymerization of cellulose catalyzed by a monocomponent endocellulase in ionic liquid [BMIM][Cl]. J. Mol. Catal. B Enzym.
2014, 106, 76–80. [CrossRef]

46. Meng, X.; Crestini, C.; Ben, H.; Hao, N.; Pu, Y.; Ragauskas, A.J.; Argyropoulos, D.S. Determination of hydroxyl groups in
biorefinery resources via quantitative 31P NMR spectroscopy. Nat. Protoc. 2019, 14, 2627–2647. [CrossRef] [PubMed]

47. Archipov, Y.; Argyropoulos, D.S.; Bolker, H.I.; Heitner, C. 31P NMR Spectroscopy in Wood Chemistry. I. Model Compounds. J.
Wood Chem. Technol. 1991, 11, 137–157. [CrossRef]

48. Faix, O. Fourier Transform Infrared Spectroscopy. In Methods in Lignin Chemistry; Lin, S.Y., Dence, C.W., Eds.; Springer:
Berlin/Heidelberg, Germany, 1992; pp. 83–109. [CrossRef]

49. Kalliola, A.; Vehmas, T.; Liitia, T.; Tamminen, T. Alkali-O2 oxidized lignin—A bio-based concrete plasticizer. Ind. Crops Prod. 2015,
74, 150–157. [CrossRef]

50. He, W.M.; Fatehi, P. Preparation of sulfomethylated softwood kraft lignin as a dispersant for cement admixture. Rsc. Adv. 2015, 5,
47031–47039. [CrossRef]

51. Takahashi, S.; Hosoya, S.; Hattori, M.; Morimoto, M.; Uraki, Y.; Yamada, T. Performance of Softwood Soda-Anthraquinone
Lignin-Polyethylene Glycol Derivatives as Water-Reducing Admixture for Concrete. J. Wood Chem. Technol. 2015, 35, 348–354.
[CrossRef]

52. Ji, D.; Luo, Z.Y.; He, M.; Shi, Y.J.; Gu, X.L. Effect of both grafting and blending modifications on the performance of lignosulphonate-
modified sulphanilic acid-phenol-formaldehyde condensates. Cem. Concr. Res. 2012, 42, 1199–1206. [CrossRef]

136



Molecules 2022, 27, 8879

53. Li, S.Y.; Li, Z.Q.; Zhang, Y.D.; Liu, C.; Yu, G.; Li, B.; Mu, X.D.; Peng, H. Preparation of Concrete Water Reducer via Fractionation
and Modification of Lignin Extracted from Pine Wood by Formic Acid. Acs Sustain. Chem. Eng. 2017, 5, 4214–4222. [CrossRef]

54. Allegretti, C.; Fontanay, S.; Rischka, K.; Strini, A.; Troquet, J.; Turri, S.; Griffini, G.; D’Arrigo, P. Two-Step Fractionation of a
Model Technical Lignin by Combined Organic Solvent Extraction and Membrane Ultrafiltration. ACS Omega 2019, 4, 4615–4626.
[CrossRef]

55. Allegretti, C.; Fontanay, S.; Krauke, Y.; Luebbert, M.; Strini, A.; Troquet, J.; Turri, S.; Griffini, G.; D’Arrigo, P. Fractionation of
Soda Pulp Lignin in Aqueous Solvent through Membrane-Assisted Ultrafiltration. ACS Sustain. Chem. Eng. 2018, 6, 9056–9064.
[CrossRef]

56. Haist, M.; Link, J.; Nicia, D.; Leinitz, S.; Baumert, C.; von Bronk, T.; Cotardo, D.; Pirharati, M.E.; Fataei, S.; Garrecht, H.; et al.
Interlaboratory study on rheological properties of cement pastes and reference substances: Comparability of measurements
performed with different rheometers and measurement geometries. Mater. Struct. 2020, 53, 92. [CrossRef]

137



Citation: Broda, M.; Yelle, D.J.;
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Abstract: Regarding the limited resources for fossil fuels and increasing global energy demands,
greenhouse gas emissions, and climate change, there is a need to find alternative energy sources that
are sustainable, environmentally friendly, renewable, and economically viable. In the last several
decades, interest in second-generation bioethanol production from non-food lignocellulosic biomass
in the form of organic residues rapidly increased because of its abundance, renewability, and low
cost. Bioethanol production fits into the strategy of a circular economy and zero waste plans, and
using ethanol as an alternative fuel gives the world economy a chance to become independent of
the petrochemical industry, providing energy security and environmental safety. However, the
conversion of biomass into ethanol is a challenging and multi-stage process because of the variation
in the biochemical composition of biomass and the recalcitrance of lignin, the aromatic component
of lignocellulose. Therefore, the commercial production of cellulosic ethanol has not yet become
well-received commercially, being hampered by high research and production costs, and substantial
effort is needed to make it more widespread and profitable. This review summarises the state of the
art in bioethanol production from lignocellulosic biomass, highlights the most challenging steps of
the process, including pretreatment stages required to fragment biomass components and further
enzymatic hydrolysis and fermentation, presents the most recent technological advances to overcome
the challenges and high costs, and discusses future perspectives of second-generation biorefineries.

Keywords: bioethanol; ethanol; lignocellulose; lignocellulosic materials; lignocellulosic biomass;
lignocellulosic complex; fermentation; biomass utilisation; biofuel; green fuel; biorefinery

1. Introduction

Concerning the continuously increasing global demand for energy, fossil fuel resources
on our planet are anticipated to become depleted within the next several decades, endanger-
ing worldwide energy security. More importantly, the combustion of fossil fuels contributes
to CO2 emissions and hence global warming, a rise in sea levels, urban pollution, and
loss of biodiversity, constituting a threat to the global environment. Therefore, the energy
transition to low-carbon-intensity fuels becomes necessary to tackle climate change [1,2].

All these negative environmental, social, political, and energy security concerns of
the current world has boosted interest in alternative energy sources, including biofuels.
However, although alternative energy sources hold the key to solving the three critical
global problems, i.e., energy demand and security and climate change (Figure 1), the
transition from fossil fuels to more sustainable energy resources require a high initial
investment and innovative technologies. Therefore, employing an energy mix of fossil
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fuels, biofuels, and renewable energy sources seems to be a good starting strategy to switch
to solely sustainable resources in the near future [1–4].
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Figure 1. Three main reasons to develop the production of biofuels.

Biofuels emerged as a promising alternative to fossil fuels [5–7]. Among them,
bioethanol is one of the most attractive as it can substitute gasoline [8–11]. As a result,
several countries, including the USA, Brazil, China, Canada, India, Thailand, Argentina,
and many EU members, have already proclaimed commitments to reducing their depen-
dence on fossil fuels towards developing bioethanol production. However, industrial-scale
bioethanol production still faces a severe challenge of suitable feedstock acquisition and
economic viability while environmentally friendly production technology [1,12,13].

Bioethanol can be produced from a variety of renewable materials rich in carbohy-
drates, which can be hydrolysed to fermentable sugars and converted to ethanol. Three
main feedstock types can be used for bioethanol production: sucrose and starch crops,
such as cereals, sugarcane, corn, and others similar (the first-generation bioethanol) [14–16],
lignocellulosic biomass (the second-generation bioethanol) [12,17,18], and microalgae (the
third-generation bioethanol) [19–21].

The first-generation bioethanol constitutes the majority of over 27,000 million gallons
(over 102,060 million litres) of bioethanol produced worldwide (status as of 2021), with
the United States of America and Brazil being the indisputable leaders producing almost
85% of the global output mainly from corn and sugarcane, respectively (Figure 2) [22].
On the other hand, France and Germany are the leading bioethanol producers in Europe
(Table 1). The primary feedstock for bioethanol production is wheat (in Belgium, Germany,
France, and the UK), corn (in Central Europe, the Netherlands, and Spain), sugar beets (in
France, Germany, the UK, the Czech Republic, Belgium, and Austria), as well as beet pulp
or concentrated juice (in Austria and Belgium) [23]. However, the increasing bioethanol
production levels, along with the growing population, raise concerns over the long-term
sustainability of first-generation bioethanol, including a threat to global food and feed
security, demand for land and water resources, and potential contamination of soil with
distillation residues, which prompts intensive research on alternatives, such as second- and
third-generation bioethanol production technologies [14,24,25].
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Table 1. The main fuel ethanol producers in the European Union (in millions of litres per year) [23].

Country/Calendar Year 2014 r 2015 r 2016 r 2017 r 2018 r 2019 e 2020 e 2021 f

France 1018 1039 987 1000 1138 1299 1049 1095
Germany 920 870 882 810 799 676 875 950
Hungary 456 591 633 633 645 689 639 640

Netherlands 519 563 443 532 563 570 538 570
Spain 454 494 328 377 522 547 487 480

Belgium 557 557 570 620 646 620 380 380
Poland 181 214 241 258 259 286 277 285
Austria 230 223 224 235 251 254 241 255

United Kingdom 329 538 658 684 443 190 127 190

Total 5190 5165 5159 5373 5497 5281 4747 5000
r = revised/e = estimated/f = forecasted EU FAS Posts. Source: EU FAS Posts (based on [23]).

Over the past few decades, the experience gained from first-generation bioethanol pro-
duction has paved the way for new technologies enabling the utilisation of more sustainable
feedstock without adverse effects on food supplies and the environment. Second-generation
biorefineries are based on widely available lignocellulosic biomass generated from various
sectors (see Section 2.1) that are not directly used as food, and new technologies to convert
the biomass into ethanol and other valuable co-products have been continuously developed.
Such an approach has the potential to meet energy demands sustainably in an economically
viable and environmentally safe way [13,14].

The existing or planned second-generation biorefineries in the US with their produc-
tion capacity are listed in Table 2. Total cellulosic ethanol production for 2022 in Brazil is
estimated at 55 million litres, with an increase of 15 million litres compared to 2021 [26].
In the European Union, there are only a few advanced biofuel plants producing second-
generation bioethanol at a commercial scale (Table 3); several others, based on sawdust,
forest residues, cereal straw, and by-products from cellulose production, are planned to be
opened soon in Finland, Norway, Slovakia, Romania, and Austria [23]. However, commer-
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cial production of second-generation bioethanol still represents only an insignificant share
of total ethanol production worldwide.

Table 2. Second-generation or mixed biorefineries in the US (state as of 2022) [27]; MGY–million
gallons per year; biorefineries under construction are in italics.

Company City State Feedstock
Production
Capacity
(MGY)

Under
Construction

(MGY)

NewEnergyBlue LLC Mason City IA Cellulosic Biomass - 20
Project LIBERTY Emmetsburg IA Cellulosic Biomass 25 -

VERBIO North America Corp. Nevada IA Corn/Cellulosic Biomass - 60
Quad County Corn Processors Galva IA Corn/Cellulosic Biomass 38 -

Ace Ethanol LLC Stanley WI Corn/Cellulosic Biomass 54 -
POET Biorefining-Iowa Falls LLC Iowa Falls IA Corn/Cellulosic Biomass 115 -

Louis Dreyfus Grand Junction
LLC

Grand
Junction IA Corn/Cellulosic Biomass 125 -

POET Biorefining-Shell Rock LLC Shell Rock IA Corn/Cellulosic Biomass 140 -
PureField Ingredients LLC Russell KS Corn/Sorghum/Cellul. Biomass 55 -

Pelican Acquisition LLC Stockton CA Corn/Sorghum/Cellul. Biomass 60 -
ELEMENT LLC Colwich KS Corn/Sorghum/Cellul. Biomass 70 -

LanzaTech Freedom Pines Fuels LLC Soperton GA Industrial Off-Gases/Biomass/Biogas - 10

Total - - - 682 90

Table 3. The operational or close to operational advanced biofuel plants in the EU that produce
second-generation bioethanol commercially (state as of 2022, based on [23]).

Country Feedstock Capacity
(Million Litres Per Year) Year of Opening

Finland Sawdust 10 2018
Italy Biomass 28 2020

Austria Wood sugar 30 2020
Romania Wheat straw 65 2021
Bulgaria Corn stover 50 2021

Total - 183 -
Based on: EU FAS Posts [23].

Second-generation bioethanol has gained increased interest from governments, large
companies, and academic research over the past two decades since it represents an attractive
renewable alternative to diminishing fossil fuels. Its production is also widely accepted
by the general public as it is perceived as non-competitive with the food and feed market
and can help mitigate climate change. However, the commercial production of cellulosic
ethanol is still in its infancy, being hampered by the high cost of research and production,
and tremendous efforts are required to make it more widespread and profitable [17,28,29].

In this paper, we present the state of the art in bioethanol production from lignocellu-
losic biomass, discuss the most challenging stages of the process, highlight the up-to-date
solutions and technological advances that can increase the efficiency of fuel ethanol yield and
reduce production costs, and debate future perspectives of second-generation biorefineries.

2. Production of Bioethanol from Lignocellulosic Biomass

Bioethanol production from lignocellulosic biomass is a complex and lengthy process.
It includes several steps from resources to end products, such as sourcing of raw materials
(lignocellulosic biomass) and their transportation, biomass pretreatment, saccharification,
fermentation and ethanol dehydration, products and by-products management, plus all
other resources necessary for the production process, including labour, machinery, utilities,
and chemicals (Figure 3).
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processing and conversion technologies with associated inputs, and final products (based on [3,30]).

Although biomass transportation and the utilisation of other resources such as energy,
chemicals, labour, machinery, and water are essential and often challenging elements in
ethanol production, we omit them in this paper to focus primarily on the processes directly
related to the conversion of lignocellulosic biomass into bioethanol, namely pretreatment,
hydrolysis, and bioethanol release, and on the associated challenges and new solutions.

2.1. Lignocellulose Resources

Lignocellulosic biomass (or lignocellulose) refers to all plant dry matter (biomass)
on Earth, which is the most abundant renewable raw material. Due to the presence of
fermentable components (carbohydrates, cellulose, and hemicelluloses), lignocellulose is
one of the alternative feedstocks for bioethanol production [1].

Lignocellulose resources can be broadly classified into three main groups: virgin
biomass, energy crops, and waste biomass (Figure 4). Virgin biomass comprises all naturally
growing terrestrial plants, including herbaceous plants (annual, biennial, and perennial
plants) and woody plants (trees, bushes, and dwarf shrubs), as well as aquatic plants (e.g.,
water hyacinth, water fern, water lettuce, and duckweed). Energy crops include perennial
grasses and other dedicated energy crops that produce a high yield of lignocellulosic
biomass (e.g., switchgrass, giant reed, elephant grass, and miscanthus). Waste biomass is
a low-value by-product of different industrial sectors such as agriculture (bagasse, cereal
straws, stover, and husks), forestry (branches from dead trees, pruning, and thinning
residues), and wood and paper production (bark, sawdust, and wood chips). It also
includes an organic portion of municipal solid wastes [1,31,32].

Each group of lignocellulose sources has some potential to serve as a raw material for
bioethanol production. However, their usability depends on the polysaccharide content
that varies between the type of biomass, plant species, and individual parts of the plant.
Generally, lignocellulosic biomass is the worldwide most abundant feedstock for ethanol
production and has numerous advantages: it is cost-efficient, it is readily available, it
does not interfere with food and feed production, it does not require any extra land, and
it provides a continuous and reliable supply. Additionally, its utilisation for bioethanol
production lessens the problem of waste biomass management and fits in with a sustainable,
environmentally-friendly, zero-waste circular economy [1,13,33].
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The Structure of the Lignocellulosic Complex

Lignocellulose is the main structural component of plant cell walls. It is composed
of three different polymers: polysaccharides (cellulose and hemicelluloses) and lignin, a
complex aromatic polymer synthesised via radicals of hydroxycinnamyl alcohols (Figure 5).
The amount of individual polymers vary depending on the biomass origin (e.g., plant
species and part of the plant). However, cellulose and hemicelluloses usually constitute
about two-thirds of its total dry mass [1,34].
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Cellulose is the main structural polysaccharide of the plant cell wall, providing it with
high tensile strength and rigidity. Its amount usually ranges from 30% to 50% of the dry
weight of lignocellulosic biomass. Regardless of its origin, cellulose is generally a highly
crystalline and a high-molecular-weight polymer with a strong tendency to form high-
crystalline fibres. A cellulose molecule is a long-chain straight linear homopolysaccharide
with an average molecular weight of about 100,000 Da. It consists of β-D-glucopyranose
units linked by β-1,4-glycosidic bonds, with the disaccharide cellobiose, made of two
β-glucose molecules connected by a β(1→4) bond, as its repeating unit (Figure 5). Owing
to the presence of reactive hydroxyl groups at C6, C2, and C3 of glucopyranose units, an
extensive network of intra- and inter-chain hydrogen bonds is formed. It induces crystalline

143



Molecules 2022, 27, 8717

structure and facilitates the organisation of the individual cellulose chains into bundles
(microfibrils) that are additionally stabilised by van der Waals interactions (hydrophobic
interactions), leading to a fibrous state. Highly ordered crystalline regions in cellulose are
interspersed with disordered amorphous regions. The explicit cellulose structure makes it
insoluble in water and resistant to depolymerisation [1,37,38].

Hemicelluloses are, collectively, the second most abundant polysaccharide of the
plant cell wall, which accounts for 15–30% of the lignocellulosic dry mass. They are
complex polymers consisting of short linear and highly branched heteropolysaccharides
(Figure 5) with an average molecular weight of about 30,000 Da, consisting of various sugar
units, both pentoses (β–D–xylose and α–L–arabinose) and hexoses (β–D–glucose, α–D–
galactose, and β–D–mannose), as well as uronic acids (α–D–glucuronic, α–D–galacturonic,
and α–D–4–O–methylgalacturonic acid), and minor amounts of α–L–rhamnose and α–L–
fructose. Among heteropolymers present in hemicelluloses are the most common xylan and
glucomannan, as well as glucuronoxylan, arabinoxylan, and xyloglucan. This composition
makes hemicelluloses’ structure random and amorphous, or only partially crystalline.
Hemicelluloses are embedded in the plant cell walls, and their segments bind with adjacent
cellulose microfibrils through hydrogen bonding and van der Waals interactions. This
cellulose–hemicellulose network acts as a load-bearing element that strengthens the cell
wall [1,39–41].

Lignin is the third principal component of lignocellulosic biomass, constituting about
15–30% of its dry mass. Present in all vascular plants, lignin is an amorphous, hyper-
branched, and a cross-linked three-dimensional network polymer with no regular repeating
elements (Figure 5). This random structure arises due to the enzymatically initiated free
radical polymerisation of three types of phenylpropane units (also known as monolignols)
such as p-coumaryl, coniferyl, and sinapyl alcohols that form aromatic units of lignin:
p-hydroxyphenyl, guaiacyl, and syringyl, respectively. The proportion of monomers form-
ing the lignin molecule differs depending on the type of plant, cell, and location in the cell
wall structure. For example, hardwood lignin is made up mainly of coniferyl and sinapyl
alcohols (guaiacyl-syringyl lignin and GS-lignin), softwood lignin is made of coniferyl
alcohol (guaiacyl lignin and G-lignin), while lignin of grass and herbaceous plants contains
coniferyl, sinapyl, and p-coumaryl alcohol (p-hydroxyphenyl-guaiacyl-syringyl lignin and
HGS-lignin). Lignin is covalently bonded to hemicelluloses and part of cellulose, serving
as a cement between the fibres, supporting the mechanical properties of the cell walls, and
protecting the structural polysaccharides from enzymatic microbial degradation [1,42–44].

Each of the main cell wall structural polymers has a different chemical structure and,
thus, behaviour. Moreover, they are strongly intertwined and bonded by non-covalent
forces (hydrogen bonds and van der Waals interactions) and covalent cross-linkages, form-
ing a highly structured and robust composite matrix. All these, together with a crystalline
cellulose nature and low surface area available for enzymes, make lignin complex and
highly recalcitrant and resistant to separation and depolymerisation. Therefore, processing
lignocellulosic biomass for bioethanol production is challenging, requiring proper knowl-
edge and technologies that employ a combination of chemicals, enzymes, microorganisms,
and heat [1,12,34,45].

Among lignocellulose structural polymers, only cellulose and hemicelluloses can be
used to produce bioethanol because they are long-chain polysaccharides hydrolysed into
a mixture of fermentable pentoses and hexoses that can be further converted to ethanol
molecules. However, owing to the recalcitrance of lignocellulosic biomass, obtaining high
efficiency and profitability in the process of bioconversion of lignocellulosic substrate into
ethanol requires a primary pretreatment process. It is necessary to first release cellulose and
hemicelluloses from a complex matrix and make them more accessible towards enzymatic
hydrolysis [28,45,46].
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2.2. Pretreatment of a Lignocellulosic Biomass

The pretreatment of the lignocellulosic complex is the first and necessary step in its
bioconversion to ethanol. During this process, the structure of lignocellulose is disrupted
by breaking down cross-linkages between its structural polymers, which helps to separate
carbohydrates from lignin, and hydrogen bonds between cellulose chains are broken,
thus decreasing cellulose crystallinity and its degree of polymerisation. Pretreatment
technologies are intended to improve the accessibility of enzymes to carbohydrates by
reducing the size of biomass particles and boosting their surface area and porosity, thus
facilitating their hydrolysis and fermentation; they also increase yields of fermentable
sugars [45,47,48].

The efficiency of the polysaccharide hydrolysis to monosaccharides, the primary
substrates in alcoholic fermentation, is mainly limited by the presence of lignin. On the
one hand, the lignin polymer restricts the free access of hydrolytic enzymes to cellulose
microfibrils and hemicellulose chains. On the other hand, lignin acts as an adsorbent that
binds the enzyme molecules on its surface, thus causing their irreversible inactivation.
Therefore, lignin has to be removed in the pretreatment step [1,3,45]. Other limiting factors
are inhibitory compounds that can be produced during the pretreatment stage, including
furan derivatives (HMF–5-hydroxy-2-methyl-furfural and furfural), phenolic compounds,
and weak acids (acetic, formic, and levulinic acid). They adversely affect hydrolysis
efficiency by limiting microbial activity and/or disturbing enzymes’ efficiency; therefore,
their presence is highly undesirable [45].

The pretreatment process should be easy to carry out, cost-effective, and environ-
mentally friendly, producing minimum amounts of inhibitory compounds and allow-
ing a complete utilisation of lignocellulosic biomass, which results in high efficiency of
bioethanol production and the proper management of waste lignin. Generally, the existing
pretreatment methods can be grouped into four categories, such as physical, chemical,
physico-chemical, and biological (Figure 1). Unfortunately, there is no universal pretreat-
ment for all types of biomasses and, usually, a combination of two or more complementary
techniques is applied to obtain the most satisfactory results. However, developing the best
pretreatment strategies is still a subject of extensive research [45,47–49].

2.2.1. Physical Pretreatment

Physical pretreatment methods employ mechanical forces, irradiation, electric or
electromagnetic field, temperature, or pressure to reduce the size of lignocellulosic biomass
particles and increase their surface area and pore volume. They usually also decrease
the degree of all components’ polymerisation and cellulose crystallinity, which facilitates
further biomass processing. The physical methods include grinding, milling, chipping,
extrusion, freezing, sonication, microwaving, and pulsed electric field treatment [45,47].

Chipping, grinding, and milling are the primary pretreatment techniques to crush
lignocellulosic biomass. Depending on the method, the final particle size can be reduced
to 10–30 mm or even 0.2–2 mm. Among the mechanical methods, ball milling, colloid
milling, hammer milling, two-roll milling, and wet disk milling are commonly used in
bioethanol production, with ball milling giving the highest yields of glucose and xylose
after enzymatic hydrolysis [45,47,50]. However, milling is relatively expensive due to high
energy requirements [45,47].

Extrusion is a thermo-physical method that includes rapid mixing, moderate heating,
and high shearing of lignocellulosic biomass, resulting in physical and chemical disruption
of its complex structure. The process is highly versatile and efficient, does not produce
furfural and HMF, and can be carried out continuously, even for high solids loading.
However, due to high energy requirements, it may not be economically the best alternative
to conventional pretreatment [45,51,52].

Freeze pretreatment is a relatively new and promising technique. It was shown to
significantly increase the enzymatic conversion of rice straw, resulting in enhanced glucose
and bioethanol yields. In addition, this method has a low environmental impact and is
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relatively cost-effective due to the low energy input required and the lack of toxic chemicals
involved in the process [53,54].

Sonication employs ultrasound waves to disrupt the lignocellulose complex and make
cellulose and hemicelluloses available for enzymatic hydrolysis. As a result, the method
enhances the conversion of cellulose to fermentable sugars, increases sugar yields, reduces
hydrolysis time, and improves further fermentation. The application of slightly elevated
temperatures (about 50 ◦C) and a change of water into an alkaline medium can additionally
ameliorate the pretreatment process [47,55].

Microwave irradiation penetrating through the lignocellulosic feedstock effectively
disrupts its recalcitrant structure. This can improve the solubilisation of lignocellulosic
biomass, effectively degrade lignin, and alter the structure of the polysaccharides, thus en-
hancing their susceptibility to hydrolysis. Using higher power and temperatures increases
the effectiveness of the process. Microwave-assisted pretreatment can be an interesting
alternative to conventional heating due to its uniformity and selectivity, less energy input,
and shorter processing time [45,47,56].

Pulsed electric field (PEF) treatment is a novel method that increases biomass porosity
and permeability by subjecting it to a series of high voltage (5.0 and 20.0 kV/cm) short-
duration (nano to milliseconds) pulses. The technique seems to be cost-efficient due to
low energy requirements and the simplicity of instrumentation required that can be easily
designed to the biorefinery conditions, and it enhances cellulose hydrolysis resulting in its
efficient conversion to bioethanol [47,57].

2.2.2. Chemical Pretreatment

Chemical pretreatment employs various chemicals, including alkalis, acids, gases,
salts, ionic liquids, oxidising agents, or organic solvents, to release polysaccharides from the
lignocellulosic complex and make them more susceptible to enzymatic hydrolysis [3,45,47].

Acid pretreatment is one of the most frequently used methods to overcome the re-
calcitrance of lignocellulose in bioethanol production. Biomass is usually treated with
mineral acids solutions (HCl and H2SO4) at a pressure of 1.5 bar and elevated temperatures
ranging from 100 ◦C to 290 ◦C for various residence times (up to several hours). The crucial
effective parameters for the method include acid concentration, solids loading, tempera-
ture, and residence time. When diluted acids are used in the process, their effectiveness is
enhanced by increasing the temperature of the process. Acid pretreatment has only a lim-
ited effect on lignin while mainly affecting polysaccharides. Hemicelluloses are dissolved
and polysaccharide–lignin linkages are broken, thus making cellulose more accessible to
enzymes. Its main disadvantages are the high cost of acid recovery and the production of
inhibitory by-products. However, the environmental and economic aspects of the method
have been improved recently [3,45,47,56].

In alkaline treatment, dilute solutions of NaOH, KOH, Ca(OH)2, or ammonia are
usually used to degrade and remove lignin and part of hemicelluloses to make cellulose
more available for enzymatic hydrolysis. By breaking crosslinks between hemicellulose
and other polymers, the treatment also causes swelling of fibrous cellulose increasing
biomass porosity. The process can be performed at elevated temperatures for a short time
or at low temperatures for a relatively long period. The advantages of the method are
selective lignin removal without a loss of carbohydrates and enhanced porosity of feedstock
that improves further enzymatic hydrolysis, as well as biomass disinfection. The main
drawback is longer reaction times (several hours up to one day) than other pretreatment
methods [3,45,47,56,58].

Solvent pretreatment methods include the application of organic solvents, ionic liquids,
and deep eutectic solvents. Several chemicals have been tested in this technique, such as
acetone, ethanol, ethylene glycol, glycerol, methanol, n-butanol, phenol, tetrahydrofurfuryl
alcohol, and triethylene glycol [3,45,47].

Organic solvent treatment employs a variety of organic solvents, including acetone,
amines, alcohols, dioxane, esters, formaldehyde, propionic acid, and phenols with and
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without a catalyst, for the lignocellulosic biomass pretreatment. The technique is recognised
as one of the most prospective pretreatment methods because of its ability to deconstruct
lignocellulosic complex and fractionate biomass into lignin, cellulose, and hemicelluloses
with high purity. It also allows for easy solvent recovery and reuse. Unfortunately, high
energy consumption and the cost of organic solvents make the method not economically
viable [47,59,60].

Ionic liquids (mainly salts including a large organic cation and small anion, in-
cluding ammonium-based, imidazolium-based, phosphonium-based, pyridinium-based,
pyrrolidinium-based, and sulfonium-based) have also been extensively studied for their
potential to degrade lignin and break down crystalline cellulose structure. The method
offers high rates of cellulose recovery and conversion to glucose. However, there are still
many challenges to using ionic liquids on a broader scale, including their high price when
large amounts are needed for the process, high waste generation with difficult recovery,
high energy demands for recycling, and high viscosity of the solution over time that makes
them difficult to handle [45,47,56,61,62].

A more “green” approach in bioethanol production involves biomass pretreatment
with deep eutectic solvents. They are mixtures of hydrogen bond donors (e.g., amides,
alcohols, or carboxylic acids) and acceptors (quaternary ammonium salts) at moderate
temperatures of 60–80 ◦C, which enhance solubilisation of lignocellulosic polymers with
higher selectivity towards lignin and without affecting cellulose.

Deep eutectic solvents are considered economical and “green” because they are less
toxic than other chemicals used for conventional biomass pretreatment, easily biodegrad-
able and recyclable, and have a great potential for much broader usage in the biorefineries
of tomorrow [47,63,64].

The application of various metal salts for biomass pretreatment represents a more
novel method that provides high sugar recovery, and its performance can also be further
improved by combining it with other pretreatment technologies. The principal advantages
of metal salt-based treatments are improved lignin removal, degradation of hemicelluloses,
and complete biomass conversion. In addition, these pretreatments also result in enhanced
enzymatic hydrolysis, are nontoxic and environmentally safe, and do not require costly
non-corrosive reactors [47,65,66].

Another pretreatment method is biomass oxidation, which involves various oxidising
agents, with hydrogen peroxide being the most frequently applied chemical. The method
results in the degradation of lignin by hydroxyl radicals produced during hydrogen per-
oxide hydrolysis, which leaves the cell wall polysaccharides more accessible for further
enzymatic hydrolysis. Since the method also degrades a part of hemicelluloses, it is not
considered one of the most efficient processes for fermentation [47,67].

Ozonolysis is a greener oxidative pretreatment method that employs ozone gas as
an oxidant to destruct the lignocellulose complex. Ozone reacts preferably with lignin,
which results in effective biomass delignification and a release of sugar during enzymatic
hydrolysis. The greatest advantage of this method is that it can be carried out in ambient
conditions. Furthermore, the only inhibitory compounds produced are short-chain car-
boxylic acids, which can be easily removed by washing with water. However, the method
is not economically viable due to the high costs of ozone since vast amounts are required in
the process [45,68–70].

2.2.3. Physico-Chemical Pretreatment

Physico-chemical methods utilise both physical (high temperature and pressure) and
chemical processes to effectively pretreatment of lignocellulosic biomass. Among them,
a steam explosion has been the primary technique used for bioethanol production. First,
high temperature (160–260 ◦C) and pressure (0.7–4.8 MPa) are applied to biomass for
a few seconds to several minutes; then, a sudden pressure reduction causes explosive
decompression in the material. It results in the disruption of the cell wall structure and the
solubilisation of hemicellulose and lignin fractions. A steam explosion is effective for all
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types of biomasses, including that with large particles, without a need for pre-crushing. The
method’s main advantages are low energy requirements, no additional chemical costs (thus,
no recycling), and environmental friendliness, while incomplete lignin removal and the
production of some toxic chemicals during the process are the main disadvantages [3,45,47].

Ammonia fibre expansion (AFEX) applies liquid ammonia to lignocellulosic biomass
under pressure and elevated temperature, followed by a rapid pressure reduction that
expands the fibre structure, increasing its surface area. The treatment also causes the
selective delignification of biomass, decrystallisation of cellulose, and partial hemicellulose
depolymerisation, which results in high glucose yields in further enzymatic hydrolysis.
Other AFEX advantages include that ammonia is a non-polluting and non-corrosive sub-
stance that can be easily recovered and reused in the process, and the amount that remains
in the biomass serves as a nutrient source for microorganisms used in further bioethanol
fermentation. The downside to this method is the small efficiency in the case of feedstock
containing significant amounts of lignin [47,71–73].

Supercritical CO2 explosion is a green pretreatment method that employs supercritical
fluid CO2 as a solvent. During its diffusion through the biomass under high pressure and
temperature, carbonic acid is produced, which hydrolyses hemicelluloses. The subsequent
explosion releases the gas that penetrated the structure of the lignocellulosic complex,
thus weakening the cell wall ultrastructure and increasing the accessible surface area of its
polymers for further enzymatic processes. CO2 necessary for the treatment can be sourced
directly from glucose fermentation to ethanol, where it is released as a by-product and
continuously recycled in the process without increasing CO2 emissions into the atmosphere.
The method is environmentally friendly and efficient; it enhances glucose yield, facilitates
biomass delignification, and allows the extraction of different components from the biomass;
it is appropriate for all feedstocks that have retained some moisture. However, due to the
costs of reactors suitable for high-pressure conditions, its application is limited [47,74–76].

Liquid hot water (LHW) pretreatment is a simple method that uses water under high
pressure, similar to the steam pretreatment technique. Compressed water (at a pressure up
to 5 MPa) at a high temperature (170–230 ◦C) permeates through lignocellulosic biomass,
hydrolysing hemicelluloses, removing some lignin, and simultaneously hydrating the
cellulose fraction, making it more accessible for enzymes. The method produces minimal
inhibitory compounds. It is relatively cost-effective and environmentally friendly because
it does not require an energy-demanding preliminary reduction in feedstock size and does
not use chemicals or corrosion-resistant hydrolysis reactors [3,47,77].

For lignin-enriched feedstock, wet oxidation is a suitable pretreatment method that
produces less inhibitory furan derivatives than a steam explosion or liquid hot water
treatments. Oxygen or air is employed as a catalyst, and water or hydrogen peroxide serves
as a medium. The process depends mainly on three critical factors, namely temperature,
oxygen pressure, and time, and is typically carried out at a high temperature (above
120 ◦C) and pressure (0.5–2 MPa) for about 30 min. As a result, hemicelluloses undergo
solubilisation and hydrolysis to monomers, and some lignin is oxidised, leaving cellulose
more available for enzymatic processes. However, high financial expenditures imposed by
oxygen and pressure equipment prices prevent the method from becoming the standard
industrial application [45,47,78].

2.2.4. Biological Pretreatment

Biological methods use ligninolytic microorganisms (bacterial and fungal strains) or
their enzymes to reduce the recalcitrance of lignocellulosic biomass, converting it into
compounds more accessible for hydrolysis and subsequent ethanol production. The most
effective are white-rot fungi due to their ability to degrade lignin, including the four
most frequently industrially used species: Phanerochaete chrysosporium, Trametes versicolor,
Ceriporiopsis subvermispora, and Pleurotus ostreatus, and also some bacterial strains, including
Clostridium sp., Cellulomonas sp., Bacillus sp., Thermomonospora sp., and Streptomyces sp., are
commonly used in biological pretreatment. The crucial parameters affecting the efficiency
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of biological pretreatments are the type of selected microorganism, the size of biomass
particles, and the process conditions, including moisture content, temperature, and time.
The main advantages of biological pretreatment methods are their low energy requirements,
no chemicals and their recycling costs, low downstream processing costs, the minimal
amount of inhibitory compounds produced, relatively simple operating and environmental
friendliness. However, the drawbacks, such as ample space requirement, a very slow course
of the process, and the necessity of continuous control of microbial growth and activity,
preclude more widespread application of these methods in the industry [45,47,56,79–81].

2.2.5. Combined Pretreatment Methods

Apart from the pretreatment methods described above, there are various combina-
tions and several other sophisticated techniques that are being developed to overcome
the main drawbacks of the existing techniques to improve the utilisation of the lignocellu-
losic complex, making the bioethanol production process more economical, efficient and
environmentally friendly [47,49,56].

For example, since the most common pretreatment methods require high temperatures
(160–290 ◦C) and pressures (0.69 to 4.9 MPa), and additionally produce inhibitory furan
derivatives, there is a need to develop new methods that overcome those disadvantages.
One of them is alkaline hydrogen peroxide (AHP) pretreatment that combines the ap-
plication of NaOH and H2O2. The main advantages are high effectiveness for various
biomass concentrations providing high efficiency of enzymatic hydrolysis, high lignin and
hemicellulose solubilisation values for the liquid fraction, low energy consumption, avail-
ability of chemicals needed, no furan derivatives produced, no need for special reactors,
compatibility with high solid loadings, and sterility conditions provided by alkaline H2O2
without a need to use antibiotics. However, the method is not free from drawbacks, such as
the high pH of pretreated biomass, the generation of other inhibitors, such as p-coumaric
and ferulic acids, the price of chemicals required in high amounts, and the need for an
initial grinding of the biomass material. To overcome these shortcomings, some specific
approaches are still needed to optimise the whole pretreatment process and keep it efficient
while being cost-effective and safe for the environment [82].

In biological pretreatment methods, a long operation time is one of the main disad-
vantages. To surmount this problem, extensive research has been conducted proposing
to combine fungal treatment with various chemical, physical, or physico-chemical meth-
ods [83].

• Biological-alkaline pretreatment combination can enhance the delignification of a
lignocellulosic complex and help reduce the chemicals’ concentration, time, and tem-
perature of alkaline treatment, thus lowering operational expenses [83–85]. However,
the treatment may cause a higher loss of carbohydrates from biomass [85].

• Biological-acid combination effectively solubilise the hemicellulose fraction and limit
the production of inhibitory compounds while reducing severe acid pretreatment
conditions. Moreover, it increases glucose and ethanol yield compared withacid
pretreatment alone [83,84,86,87].

• Biological-oxidative pretreatment uses the fact that biomass decay by white-rot fungi
involves a Fenton-based oxidation reaction. By mimicking this reaction using other
oxidising reagents, e.g., hydrogen peroxide followed a biological pretreatment, it is
possible to shorten the residence time and enhance biomass delignification without
producing inhibitory by-products, which results in higher sugar yields. This com-
bined pretreatment method seems to be the most effective among biological–chemical
treatment combinations [79,83,88,89].

• Biological-organosolv combined pretreatment was studied for woody biomass, re-
sulting in higher saccharification yields and larger amounts of lignin-enriched frac-
tions [83,90,91].

• Biological-LHW treatment allows for the lowering of the temperature of the water dur-
ing the LHW process while enhancing sugar yield owing to microbial activity [83,92,93].
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• Biological-steam explosion combinations significantly increase the net sugar yields
compared to the processes applied alone. Using lignin-degrading enzymes also
reduces energy consumption, the amount of wastewater, the operational costs of steam
explosions, and detoxifies the processed biomass [83,92,94].

However, it should be highlighted that the efficiency of all combined pretreatment
methods that involve biological treatment depends strongly on microbial species/strains,
culture conditions, biomass type, and the order of pretreatment methods used [83].

Several other combinations of various pretreatments have been studied extensively
over the past decade to find the most efficient, economically-viable, and universal solutions,
including alkali and metal salt combinations, ultrasound-assisted pretreatment using
metal salt with hydrogen peroxide, and a sequential pretreatment comprising of deep
eutectic solvents and divalent inorganic salts [92,95–97]. However, an ideal method has
not been found yet, and further improvement in the pretreatment step is still necessary
to overcome the limitations of optimal utilisation of lignocellulosic biomass and make
bioethanol production more common and profitable [30,47,56,83,92,98–101].

2.3. Bioethanol Production

After the pretreatment step, bioethanol production from lignocellulosic biomass re-
quires a series of consecutive processes to obtain a final product, including detoxification,
hydrolysis, fermentation, distillation, and dehydration [12,47].

2.3.1. Detoxification

Detoxification aims to remove all the toxic compounds from pretreated biomass
or hydrolysates, including fermentation inhibitors (such as furan aldehydes, aliphatic
acids, and phenolic compounds) that could minimise the enzymes’ efficiency and restrict
microbial growth and activity during fermentation. The most common methods to discard
inhibitors from biomass and ensure higher bioethanol yield and productivity are, nowadays,
various in situ strategies, including membrane extraction, solvent extraction, ion exchange,
membrane bioreactors, adsorption, microbial adaptation, using microbial consortium
or engineered microorganisms, and several other techniques that are tailored according
to pretreatment, hydrolysis, and fermentation methods used in the ethanol production
process. Detoxification may be performed separately or integrated into hydrolysis or
fermentation [12,102,103].

2.3.2. Hydrolysis

After the pretreatment stage is completed, raw material is subjected to enzymatic
hydrolysis. This process is carried out to obtain fermentable sugars, pentoses, and hexoses
from polysaccharides present in the pretreated lignocellulosic biomass. Mainly enzymes
are employed to catalyse the hydrolysis of cellulose and hemicellulose (xylan), but also
acids and alkalis can be used for this purpose (as mentioned in Section 2.2.2) [12,104].

The enzymes capable of hydrolysing cellulose to glucose monomers are known as
cellulases. They are multienzyme complexes consisting of mainly three various compo-
nents, namely endo-1,4-β-D-glucanase (EC 3.2.1.4; breaks intermolecular bonds in cellulose
randomly), exo-1,4-β-D-glucanase/exo-cellobiohydrolase (EC 3.2.1.91; removes monomers
and dimers from the end of the glucose chain), and β-glucosidase (EC 3.2.1.21; hydrolyses
glucose dimers, cellobiose, and other short cellulose oligomers into glucose monomers).
Complete hydrolysis of a native cellulose polymer into glucose monomers requires the
synergistic action of all three components (Figure 6). Cellulases are sourced from various
bacteria and fungi. They are produced by aerobic, anaerobic, mesophilic, and thermophilic
microorganisms. Cellulases producing microorganisms include bacterial genera of Acetovib-
rio, Clostridium, Cellulomonas, Cellvibrio, Bacillus, Bacteroides, Erwinia, Ruminococcus, Strep-
tomyces, and Actinomycetales genera of Microbispora and Thermomonospora. Among fungal
species, the most common source of cellulase is Sclerotium rolfsii and Phanerochaete chrysospo-
rium species, as well as some species belonging to the genera of Aspergillus, Caecomyces,
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Humicola, Neocallimastix, Oprinomyces, Penicillium, Schizophyllum, and Trichoderma [105–108].
Cellulose hydrolysis is difficult because the cellulose microfibrils are stabilised by internal
and external hydrogen bonds and surrounded by hemicellulose polysaccharides (man-
nans and xylans) joined by covalent and hydrogen bonds; hence, the crucial role of the
pretreatment stage emerges [104,109].
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Figure 6. Hydrolysis of native cellulose cellulolytic enzymes (based on [107,110]).

Since hemicelluloses represent 10–30% of lignocellulosic biomass, their conversion to
fermentable sugars is also vital for the high yield of bioethanol. Hemicellulose hydrolysis
is easier than cellulose due to its more accessible amorphous structure. On the other
hand, its more varied composition and structure, with multiple side chains containing
various sugar types, requires a complex set of enzymes. Two groups of enzymes are
needed for effective hemicellulose hydrolysis: depolymerising core enzymes that can
cleave the backbone and de-branching enzymes (so-called ancillary or auxiliary enzymes)
that remove side chains posing steric hindrances to core enzymes, thus increasing the
total yield of fermentable sugars obtained from lignocellulosic biomass. The core enzymes
include β-1-4-mannosidases (EC 3.2.1.25), endo-1,4-β-mannanases (EC 3.2.1.78), endo-β-
1,4-xylanases (EC 3.2.1.8), and xylan 1,4-β-xylosidases (EC 3.2.1.37), while de-branching
enzymes are acetylxylan esterase (EC 3.1.1.72), α-L-arabinofuranosidase (EC 3.2.1.55),
β-glucuronidase (EC 3.2.1.139), ferulic acid esterase (EC 3.1.1.73), and p-coumaric acid
esterase (EC 3.1.1-). Similar to cellulases, microorganisms are the source of enzymes for
hemicellulose hydrolysis. They include fungi, e.g., Aspergillus niger, Aspergillus awamori,
Trichoderma reesei, Penicillium wortmanii, Cochliobacillus carbonum, Agaricus bisporus, and
other Aspergillus, Agaricus, Trichoderma, and Sclerotium genera, and bacteria, e.g., Thermotoga
maritima, Clostridium thermocellum, C. cellulovorans, Thermobacillus xylanilyticus, Paenibacillus
polymyxa cel44C-man26A, Cellvibrio japonicus, Caldibacillus cellulovorans, Caldicellulosiruptor
Rt8b, Caldocellum saccharolyticum, Bacillus spp., and Streptomyces spp. The synergistic action
of various microbial enzymes ensures high sugar yield from lignocellulosic biomass, thus
enhancing bioethanol production [108,111].
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The most critical parameters during biomass hydrolysis include solid loading, the con-
centration of sugars, enzyme loading, the shaking speed, hydrolysis time, the concentration
of inhibitors, and the effect of various additives [12,112–114].

• Solid loading—High solid loading reduces hydrolysis installation costs and are nec-
essary to obtain syrups with increased sugar concentrations (80–100 g/L), which
determines economically viable distillation (i.e., the ethanol concentration in a fer-
mented broth should be above 4% w/w). It was shown that sugar yield increases
with increasing substrate load, but only to some point, after which it decreases. It
is mainly because increased cellobiose and glucose concentrations inhibit enzyme
activity. Additionally, high solid loading usually translates into a high-viscosity broth,
which causes several technical problems due to hampered mixing and impaired mass
and heat transfer, affecting the efficiency of enzymes [112,114–117];

• Enzyme loading—Increased doses of enzymes (or enzyme cocktails) enhance sacchari-
fication efficiency providing high glucose yield [12].

• Shaking speed—Optimising shaking/mixing speed is necessary to ensure optimal
heat and mass transfer that translates into high glucose yield. Lower speed values
result in poor mixing and decreased monosugar yields, while too high of a speed
produces shearing forces that may destroy enzymes [117–120].

• Hydrolysis time—The long time required for complete hydrolysis limits the commer-
cial production of ethanol from lignocellulosic biomass. Therefore, several approaches
have attempted to shorten the process by enhancing hydrolysis efficiency, mainly
using engineered enzymes/microorganisms or enzyme cocktails and optimising the
parameters of the process [121,122].

• Concentration of inhibitors—Inhibitors produced during biomass pretreatment may
slow down or even stop enzymatic hydrolysis. Therefore, the detoxification step
(see 2.3.1. Detoxification), performed before or during hydrolysis or selecting pre-
treatment methods producing only a limited amount of inhibitors, is crucial for the
process [12,101–103,123].

• Effect of various additives—Several different substances were successful as additives
in the hydrolysis step to improve glucose yield, including polyethylene glycol (PEG)-
based polymers (PEG 600, 4000, 6000), non-ionic surfactants (Tween 80 and Triton X-
100), non-catalytic protein (bovine serum albumin (BSA)) or novel chemical surfactants,
such as Silwet L-77. Their mode of action is based on blocking the interactions between
lignin and enzymes, thus intensifying positive substrate-enzyme interactions and
recovering cellulose hydrolysability [124–130].

Enzymatic saccharification is the most challenging and relatively expensive stage in
bioethanol manufacturing from lignocellulosic biomass, with costs estimated at 20–30% of
the total production costs. It has also been recognised as a techno-economical bottleneck
in the whole process of biomass-to-ethanol bioconversion. Therefore, all crucial steps
impacting the yield of fermentable sugars and total bioethanol require careful optimisation
while maintaining minimum operational costs to make the production of lignocellulosic
ethanol widespread and profitable [1,12,112].

2.3.3. Ethanol Fermentation

In the bioethanol production from lignocellulosic biomass, both hexoses (glucose,
fructose, and sucrose) and pentoses are available for ethanol fermentation (xylose, mannose,
galactose, and arabinose), resulting in the production of the respective number of ethanol
and carbon dioxide molecules (Figure 7) [12,131,132].
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For glucose fermentation, industrial strains of Zymomonas mobilis and Saccharomyces
cerevisiae are mainly used, owing to their high ethanol productivity and resistance to high
ethanol concentration (up to 120 g/L). However, they are incapable of fermenting pentoses,
which limits their use in ethanol production from lignocellulosic raw materials [12,133,134].
Among microorganisms naturally fermenting pentoses are yeasts, such as Candida shehatae,
Pachysolen tannophilus, and Pichia stipitis (recently reclassified as Scheffersomyces stipitis), and
intestinal bacteria; however, the efficiency of the process is minor. Moreover, in the case of
pentose-fermenting yeasts, large-scale utilisation is inhibited by their sensitivity to high
ethanol concentration (over 40 g/L) and inability to ferment xylose at low pH. In addition,
they require microaerophilic conditions and are easily inhibited in the presence of glucose
(catabolite repression) and, in a mixed sugar broth, they usually utilise xylose only under
glucose-limited conditions [12,135–137].

Due to the lack of natural microorganisms for the efficient simultaneous fermentation
of pentoses and hexoses, there is a growing interest in using engineering techniques for
metabolic processes to construct organisms with the desired characteristics. Metabolic
engineering aims to improve microbial activity due to changing enzymatic, transport, and
regulatory functions using recombinant DNA technology. It includes analysing metabolic
pathways, designing genetic changes, and creating recombinant cells with enhanced desired
properties. The modification goal is to obtain a microorganism able to ferment all sugars
in the biomass, tolerating stress conditions, showing high resistance to inhibitors, and
producing a mixture of synergistic enzymes necessary for the complete hydrolysis of all lig-
nocellulose carbohydrates [46,134,138–140]. Among the most frequently modified microor-
ganisms are Saccharomyces cerevisiae, Zymomonas mobilis, and Escherichia coli [46,141–144],
but also other bacterial and fungal species were tested, including Fusarium oxysporum [145],
Thermoanaerobacter mathranii [146], and Corynebacterium glutamicum [147]. Designing per-
fectly engineered microorganisms with the maximum conversion of monomeric sugars and
enhanced tolerance to operational conditions will allow for economically feasible industrial
production of bioethanol from lignocellulosic biomass [12,46].

Another way to increase the fermentation efficiency is to use immobilised recombinant
microbial cells. Immobilisation is placing intact cells on a suitable carrier using entrapment
within a porous matrix, adsorption on the solid carrier surface, fixing to the carrier surface
by covalent bonding or cross-linking, or encapsulation without altering their preferred
catalytic activity. A carrier should be nontoxic, biodegradable, and cost-effective. For
yeasts cells, mainly Ca-alginate, carrageenan, cellulose, chitosan, silica-hydrogel, and
pre-polymers are used as carriers [12,136,148–152].

The sugar-to-ethanol conversion process can be conducted as a batch, fed-batch, or
continuous fermentation, where the fed-batch mode in a stirred tank is the most frequently
used in the industry since it provides the optimum conditions required for the microbial
strain applied [152–155].

Industrial biorefineries employ several fermentation technologies to increase ethanol
yield and reduce production costs [24,156].
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• Separate hydrolysis and fermentation (SHF)—Hydrolysis and fermentation processes
are conducted independently in different units. Carbohydrates from pretreated
biomass are degraded to monosugars in a hydrolysis reactor and subsequently con-
verted to ethanol in a fermentation unit. It is a time-consuming and cost-intensive
process due to the long residence time needed for complete hydrolysis, high enzyme
loading, and material costs required for two separate units, and its main drawback is
end-product inhibition (Figure 8A) [157–160].

• Simultaneous saccharification and fermentation (SSF)—Hydrolysis and fermentation
are carried out in the same unit, which improves hydrolysis rates, yields, and product
concentrations compared to SHF due to the continuous removal of the sugars by the
yeasts, which reduces the end-product inhibition of the enzyme complex. The main
drawback is the difference in optimum temperature between saccharification and
fermentation and enzyme inhibition by ethanol, microorganisms, and temperature in
the reactor (Figure 8B) [160–162].

• Simultaneous saccharification and co-fermentation (SSCF)—Hydrolysis and fermen-
tation are carried out in the same unit with concurrent co-fermentation of pentoses
using pentose-fermenting strains, which allows converting both hexoses and pentoses
from lignocellulosic biomass, thus increasing ethanol yield. This process is suitable
for xylose-rich biomass, such as hardwood and agricultural residues; however, the
ethanol yield is lower compared to SSF (Figure 8C) [163–166].

• Consolidated bioprocessing (CBP)—A single-step process where hydrolysis, fermenta-
tion, and enzyme production occur in the same unit. The method employs genetically
modified microbes or microbial consortia (e.g., some yeast strains and Clostridium
thermocellum have already been tested) capable of hydrolysing biomass with enzymes
produced on its own and fermenting monosugars to ethanol. The strategy has the
potential to revolutionise bioethanol production due to reduced costs for infrastructure
and chemicals, making it economically beneficial and environmentally friendly. How-
ever, reaching an industrial scale is challenging because of low conversion efficacy,
and it still requires further extensive research (Figure 8D) [167–170].

Effective fermentation of monosugars obtained from lignocellulosic biomass is the
next bottleneck in bioethanol production. Several factors might affect its efficiency, in-
cluding temperature, time, pH, inoculum size, sugar concentration, solid-to-liquid ratio,
agitation rate, oxygen content, and rotation speed. Additionally, the operating condi-
tions must be adjusted depending on whether the fermentation is conducted simulta-
neously or separately with saccharification, which is challenging and requires careful
optimisation [12,136,150,171,172].

2.3.4. Distillation and Dehydration

Distillation and dehydration are vital steps for obtaining fuel-grade ethanol from
lignocellulosic biomass. Distillation allows for the effective separation of a component
substance (such as ethanol) from a miscible liquid mixture (such as fermentation broth)
through consecutive selective evaporation and condensation processes based on a difference
in their volatilities [173–175]. The water content in the post-fermentation mixture is very
high, usually exceeding 80% of the dry weight. Therefore, concentrating ethanol up to
96% requires a huge amount of energy, which generates high costs [45]. The first stage of
the process is the so-called “drive away the alcohol”. The product (about 37% bioethanol)
is then concentrated in a rectification column to a concentration of about 95% and finally
dehydrated to a high-quality dry product which holds a minimum of 99.5% ethanol by
volume [12,46,176].
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Various methods for separating ethanol from a fermentation broth in bioethanol
production have been developed, such as adsorption distillation, membrane processes,
azeotropic distillation, diffusion distillation, extractive distillation, pervaporation, vacuum
distillation, and chemical dehydration, differing in the technique employed, effectiveness
and operational costs [17]. Among them, membrane distillation and pervaporation are the
most economically viable for bioethanol production.

Membrane distillation is a method that allows for the reduction in the energy ex-
penditure of the process of obtaining ethanol at the stripping stage. During distillation,
a membrane separates the fermenting solution from the distillate. Membranes that are
used are flat or capillary, porous with gas-filled pores (porosity in the range of 70–85%),
hydrophobic (not wetted by liquid), and with high thermal resistance. The process is
feasible when there is a pressure difference between molecular components in the gas
phase. Different types of membrane distillation have been developed, including contact,
air-gap, vacuum, and sweeping gas membrane distillation. The main advantage of using a
distillation membrane is the possibility of carrying out the process at a lower temperature.
This eliminates the cost of heating the water to the boiling point of ethanol, thus reducing
the total costs of bioethanol production. Other advantages of membrane distillation are the
possibility of almost 100% retention of non-volatile compounds, lowering the process com-
pared to conventional distillation, obtaining saturated solutions, and implementing durable
artificial plastic installations (corrosion-free). Additionally, membrane distillation enables
the continuous fermentation process with simultaneous ethanol stripping [17,177–180].

Pervaporation is another type of membrane process that can be employed for ob-
taining anhydrous bioethanol on an industrial scale. This process uses the difference in
ethanol concentrations on both sides of the asymmetric thick polymer membrane. The
separation mechanism is based on the differences in the affinity of ethanol and water to the
membrane (dissolving and diffusion capacity) and allows the final ethanol dehydration to
be 99.8% [17,181–184].
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3. Conclusions

The production of second-generation bioethanol has several benefits in offsetting the
general use of fossil fuels by increasing global supplies of liquid transport fuels in response
to growing energy demand and improving energy security in regions devoid of fossil
resource deposits. Thereby, bioethanol contributes to restricting worldwide dependence
on fossil supplies and the petroleum industry, thus helping alleviate the energy crisis.
Moreover, the transition from petroleum- to biomass-derived fuels reduces net carbon
dioxide emissions per unit of energy produced and used, helping tackle anthropogenic
climate change and its consequences for people and the environment.

Lignocellulosic biomass used for bioethanol production seems to be a promising
renewable energy source. To avoid conflicts of interest, biorefineries should focus on
utilising agro- and industry-waste biomass rather than biomass used for animal feed.
In this context, lignocellulosic feedstocks employed as an energy source are particularly
beneficial. It is abundant, does not threaten food security, and is inexpensive since it can be
derived from native vegetation (e.g., invasive species, forest residues and thinnings, and
grass), discarded agricultural residues (corn stove and cereal straw), and even industrial
urban waste rich in organic matter.

Unfortunately, the production of cellulosic ethanol is highly challenging due to the
complexity and recalcitrance of lignocellulose and the diversity of biomass. It requires
several steps to release the energy-carrying carbohydrates from the lignocellulosic complex
and convert them into ethanol, starting from biomass pretreatment through hydrolysis
and fermentation. These three steps contribute their own unique bottlenecks in the entire
production process, seriously affecting the final efficiency of the production process and
generating high operating costs. Therefore, intensive research has been conducted to
develop new technologies that are efficient, economically viable, and universal for various
biomass types, while being environmentally friendly.

Although significant progress has been made in this field in the past decade, including
the development of advanced engineered microorganisms or attempts to combine pretreat-
ment, hydrolysis, and fermentation, or part of them into a single, more efficient step, there
are still several gaps between novel findings and practical applications. Some of the most
crucial challenges include the following:

• the selection of a suitable pretreatment strategy that is cost-effective and does not
impede the overall efficiency of enzymatic saccharification,

• the improvement of the anaerobic digestibility of biomass,
• limiting carbohydrate degradation and the generation of inhibitors during pretreat-

ment to prevent conversion yield loss,
• downsizing the consumption of toxic chemicals, as well as energy and water,
• the improvement and application of novel biocatalysts that can enhance the efficiency

of the saccharification process,
• increasing the efficiency of individual enzymes by designing enzymes with enhanced

specific activity, thermal stability, and reduced end-product inhibition, and
• reducing the overall footprint of the process.

Detailed knowledge about the structure and composition of different biomass types is
required, as well as the effects of individual pretreatment techniques on various biomass
materials at the macro and molecular scales. Additionally, a thorough study of the inter-
actions between biomass, microorganisms, products, and by-products generated during
hydrolysis and fermentation at the molecular scale is necessary to establish optimal condi-
tions for those processes. The existing knowledge is broad, but even more comprehensive
interdisciplinary research is still needed to bring bioethanol production into a profitable
and pervasive light for commercial use. However, it should also be remembered that
transitioning from a laboratory to a commercial scale is extremely difficult and requires
additional pilot-scale studies with optimisation and high financial expenditure.

As for now, it seems that just using lignocellulosic biomass as a sustainable feedstock
for bioethanol production does not guarantee a successful transition from petroleum-based
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to renewable biomass-derived energy. It seems that the strategy to utilise all components
of the lignocellulosic complex by employing cost-competitive manufacturing processes
designed with green chemistry is more likely to succeed. The future of this energy sector
will be integrated biorefineries that produce both energy and value-added components
for the chemical industry based on green chemistry principles with respect to the environ-
ment. This is achievable through enhancing the efficiency of all used materials and energy,
reducing waste production and toxicity, and reusing resources and by-products. Inte-
grated biorefineries are gaining interest worldwide as they support the circular bioeconomy
concept. However, greener processes and technologies are required, such as employing
water-based reactions and environmentally friendly oxidants instead of materials and
chemicals with high environmental burdens, or those using alternative energy-saving
pretreatment methods, such as ultrasound or microwaves, which require time, effort, and
financial investment.

Since the 1970s, tremendous progress has been made to alleviate the use of fossil fuels.
With the persistent passion of researchers worldwide, there is great optimism for the future
of bioethanol from lignocellulosics. This review is meant to not only educate on bioethanol
processes and their challenges, but also to illuminate novel and debatable research ideas
that will tackle these challenges and build sustainable partnerships in an interdisciplinary
fashion to combat the global energy crisis at hand.
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Kucharska, K.; Gębicki, J. Processing

of Biomass Prior to Hydrogen

Fermentation and Post-Fermentative

Broth Management. Molecules 2022,

27, 7658. https://doi.org/10.3390/

molecules27217658

Academic Editors: Alejandro

Rodriguez Pascual, Eduardo

Espinosa Víctor and Carlos Martín

Received: 19 October 2022

Accepted: 4 November 2022

Published: 7 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Review

Processing of Biomass Prior to Hydrogen Fermentation and
Post-Fermentative Broth Management
Zhila Honarmandrad, Karolina Kucharska * and Jacek Gębicki
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Abstract: Using bioconversion and simultaneous value-added product generation requires purifica-
tion of the gaseous and the liquid streams before, during, and after the bioconversion process. The
effect of diversified process parameters on the efficiency of biohydrogen generation via biological pro-
cesses is a broad object of research. Biomass-based raw materials are often applied in investigations
regarding biohydrogen generation using dark fermentation and photo fermentation microorganisms.
The literature lacks information regarding model mixtures of lignocellulose and starch-based biomass,
while the research is carried out based on a single type of raw material. The utilization of lignocellu-
losic and starch biomasses as the substrates for bioconversion processes requires the decomposition
of lignocellulosic polymers into hexoses and pentoses. Among the components of lignocelluloses,
mainly lignin is responsible for biomass recalcitrance. The natural carbohydrate-lignin shields must
be disrupted to enable lignin removal before biomass hydrolysis and fermentation. The matrix of
chemical compounds resulting from this kind of pretreatment may significantly affect the efficiency
of biotransformation processes. Therefore, the actual state of knowledge on the factors affecting
the culture of dark fermentation and photo fermentation microorganisms and their adaptation to
fermentation of hydrolysates obtained from biomass requires to be monitored and a state of the
art regarding this topic shall become a contribution to the field of bioconversion processes and the
management of liquid streams after fermentation. The future research direction should be recognized
as striving to simplification of the procedure, applying the assumptions of the circular economy
and the responsible generation of liquid and gas streams that can be used and purified without
large energy expenditure. The optimization of pre-treatment steps is crucial for the latter stages of
the procedure.

Keywords: detoxification; biohydrogen; green solvents; biomass; lignocellulose

1. Introduction

The world energy situation is unstable due to environmental, economic, and geopoliti-
cal problems. Greenhouse gas emissions from fossil fuel combustion cause global warming,
acid rain, climate change, ozone depletion, and biodiversity damage [1]. Declining fossil
fuel reserves, increasing pollution, and climate change in the Earth’s atmosphere have made
the production and use of renewable energy sources that are less polluting an inevitable
necessity in the present age. Various fossil resources such as natural gas, coal, gasoline, and
oil are used as energy sources to produce electricity (20%) and fuel (80%) [2].

Therefore, fuel systems excluding carbon dioxide need to be developed and applied
in the future. Since biomass is the fourth largest source of energy after oil, coal, and gas, it
should be considered raw material for further processing [3] Biofuel is a type of solid, liquid,
or gaseous fuel that is obtained from a wide range of biomass sources, including a variety of
crops, agricultural and forest residues, aquatic plants, animal waste, and municipal waste.
Although a wide variety of biofuels is described in the literature, bioethanol, biodiesel, and
biogas are best known [4].
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Based on the criterion of origin secondary biofuels are distinguished as first-, second-
, and third-generation biofuels. The first-generation biofuels are generated on basis of
food origin biomass, i.e., wheat, barley, corn, rice, potatoes, canola, soybeans, almonds,
sunflower, palm, coconut, ground beet, sugarcane, etc [5,6]. The second-generation bio-
fuels are generated based on non-food biomass, i.e., lignocellulosic material, including
waste from agriculture and forestry, sewage, municipal and industrial waste, and trees
grown specifically for energy production (such as spruce, poplar, or willow). The third-
generation biofuels are generated with the application of algae and microalgae as feed
to produce biofuels [7]. Bio-fraction of polysugar-based waste materials (starch-type and
lignocellulosic-type biomass) requires the application of pre-treatment steps to improve
the saccharification efficiency and post-fermentation purification to remove or recover
derivatives or value-added products, i.e., chemical bio compounds from the broth [8].

Lignocellulosic biomass (LB) is an abundant and renewable source of carbohydrates,
consisting mainly of polysaccharides including cellulose and hemicelluloses, and an aro-
matic polymer called lignin. Lignocellulosic biomass has great potential as an alternative to
fossil fuels for the production of second-generation biofuels and chemicals and biomaterials
without compromising global food security and without addressing the food versus energy
debate [9,10]. Most published research is conducted on the homogenous type of biomass.
Since waste biomass is usually a mixture, an overview of the mixture should be taken into
account while planning the pre-treatment procedure.

Starch is an abundant natural renewable polymer and has been used in biomaterial
applications due to its properties such as biodegradability, low toxicity, and stability.
Starch is composed of glucose monomers that are linked together by α-1,4-glycoside
bonds and branched by α-1,6-glycoside bonds [11,12]. Efficient saccharification of starch
before fermentation requires the application of amylolytic enzymes. The pre-treatment of
both lignocellulosic and starch-based materials leads to the generation of a carbohydrates
cocktail which can be introduced to dark fermentation.

Hydrogen is the most important source of renewable energy, recognized as environ-
mentally friendly, and can be converted into electricity by fuel cells. Hydrogen has the
highest energy production of any known fuel. Its production is possible in various ways by
using petroleum products, coal, gas, algae, and the fermentation of bacteria [13].

The object of interest for this review paper is hydrolysate generation for biohydrogen
production via dark fermentation by microorganisms, especially bacteria and yeasts. There
are two types of fermentation to produce biohydrogen by bacteria: one is photo fermen-
tation, which requires a light source, and the other is dark fermentation, which does not
require light. Many carbon sources are used in these reactions, all of which are supplied
by biomass [14]. The matrix for biohydrogen generation is complexed and therefore, a
large group of derivatives may be generated during the pre-treatment step. The effect
of the derivatives on the fermentation efficiency must be taken into account [1,5,6]. The
unfermentable compounds occurring in the pre-treated biomass hydrolysates must be also
considered, as these substances may be further present in the post-fermentation broth and
may interact as promoting or inhibiting agents [11,13].

To our best knowledge, dark hydrogen fermentation is the most widespread and
promising biological method of hydrogen synthesis [15]. It is characterized by the high
synthesis efficiency of the gas desired in the energy industry [7]. Up to date, the published
results are focused mainly on pure cultures maintained under mesophilic conditions, some-
times moving towards higher temperatures, i.e., Clostridiaceae, Flexibacteraceae, Enterobacter,
and Klebsiella [13,15]. Dark fermentation is easy to carry, as it does not require light and
therefore issues related to light transmission do not occur [15,16]. The microorganisms
able to carry dark fermentation show a temperature optimum ranging from 30 ◦C to 80 ◦C.
The amount of hydrogen produced during fermentation depends on the value of pH,
HRT (hydraulic retention time), and pressure. For optimal hydrogen production, a pH
value of 5–6 is recommended, which copes well with the organic acids formulation [16].
Anaerobic bacteria generate biohydrogen via the biotransformation of hexoses, mainly
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glucose, to pyruvate with simultaneous generation of hydrogen during the regeneration of
NADH (nicotinamide adenine dinucleotide). The yield of hydrogen depends on the type of
fermentation and activity of ferredoxin oxidoreductase and acetyl-coA. While fermentation
leads to acetic and formic acids, the yield of hydrogen may be equal to 4 mol H2/mol
glucose, and when butyric fermentation occurs—up to 2 mol H2/mol glucose [10,13]. The
acids generated in dark fermentation may be applied as carbon sources in photo fermen-
tation with sulfur-free Rhodospirillaceae, including the Rhodopseudomonas, Rhodospirillum,
Rhodobacter, and Rhodobium. High purity of hydrogen is an advantage of photo fermen-
tation (gas contains 10–20% carbon dioxide admixture). This eliminates the compulsion
of the energetically and time-consuming purification process of the obtained gas. For
this reason, photo fermentation with the use of nitrogenase arouses considerable interest
among researchers and practitioners dealing with the synthesis of biohydrogen [13–18].
Amongst the disadvantages of the photo fermentation process is the low efficiency, and
the economy of biohydrogen generation should be mentioned. Biotechnologists currently
use genetic modifications of microorganisms, metabolic engineering, improvement of the
reactor structure, or the use of various deposits for cell immobilization, to improve the
hydrogen efficiency [18].

Unfortunately, satisfactory results have still not been achieved, and the production of
biohydrogen, especially by photo fermentation, of subsequent dark and photo fermentation,
remains a crucial problem as energy production on an industrial scale is considered. To
make the production of hydrogen by biological methods economically and ecologically
feasible, integrated processes need to be developed [15,18,19]. Each planned and optimized
set of unit operations in the range from biomass to biohydrogen must take into account
the problems that arise in the area of issues related to the processing of the raw materials,
conducting fermentation, and management of post-process streams.

This paper presents the current state of knowledge on the relationship between the
applied methods of pre-treatment, the derivatives generated during pre-treatment and
decomposition products of raw materials, and the yield of hydrogen obtained in the fer-
mentation process. A review of the currently applied techniques enabling the management
of post-fermentation broth. The proposed approach is novel, as it considers mixtures of the
raw material and the assumptions of circular economy at the early stages of the procedure.

2. State of the Art on the Biomass Recalcitrance
2.1. Biomass Recalcitrance and the Pre-Treatment of Raw Materials

In recent years, due to the intensification of the energy crisis and arising of environ-
mental pollution awareness, special attention has been paid to the production of biofuels
and biochemical fuels from biomass. Among the “biomass for biofuels” research direction,
the fraction of municipal biowaste, containing starch and lignocellulose-based materials,
is often applied due to the scale of their occurrence as raw materials and products in the
industry [19]. Annually, 10 to 50 billion tons of dry lignocellulose is obtained in the world,
which is about half of the global biomass yield [20,21].

Biomass recalcitrance is related to the chemical and physical properties of the plant cell
wall. Lignin, hemicelluloses, pectin, ash, and their spatial bonds create physical barriers to
protect cellulose from degradation. Factors affecting the enzymatic hydrolysis of cellulose
biomass include lignin, hemicelluloses, the contents of the recalcitrant group, cellulose
crystallization, degree of polymerization, specific surface area, pore-volume, and particle
size [22,23].

Although these factors limit the enzymatic hydrolysis of biomass and have been exten-
sively studied, the molecular mechanisms of biomass resistance are still unclear. Various
methods of pre-treatment have been developed over the past few decades [13,15,24–30].
The biomass recalcitrance occurs due to the presence of diversified monomers in the
biomass (Figure 1).
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Table 1. Main features affecting the course of pretreatment of starch and lignocellulose raw mate-
rials 

Criterion Starch Lignocellulose 

Microbial resistance 
Biodegradable, exclud-
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Figure 1. Pictorial diagram of chemical structures of starch and lignocellulose concerning main units
in the structure.

The overall purpose of every pre-treatment is to remove recalcitrant barriers to increase
the saccharification of cellulose by altering the chemical composition and physical structures
of biomass raw materials. Understanding how chemical compounds and physical structures
affect biomass recalcitrance and how they affect the saccharification of lignocelluloses can
greatly improve existing pretreatment technologies and promote the development of new
pretreatment technologies [21]. The main differences between starch and lignocellulose-
based materials and their maintenance have been presented in Table 1, concerning selected
criteria, i.e., microbial resistance, availability of monosugars, main units, their interactions,
and pre-treatment by-products [20–26].

Table 1. Main features affecting the course of pretreatment of starch and lignocellulose raw materials.

Criterion Starch Lignocellulose

Microbial resistance Biodegradable, excluding granular
amylase-resistant α-glycans

Resistant to biodegradation due to the strong and compact
structure of plant cell walls

Factors affecting access
to monosugars Fiber, physical form Available surface, pore size, volume, particle size, specific

surface area, and degree of polymerization

Chemical compounds
or units

Glucose monomers linked with 1,4
and 1,6 linkages; linear

polymer—amylose; branched
form—amylopectin.

Lignin (amorphous heteropolymer of phenylpropanoid
building units, i.e., p-coumaryl, coniferyl, and sinapyl alcohol);
hemicellulose (various monosaccharide subunits to form xylans,

xyloglucan, mannans, and glucomannans); cellulose
(ß-D-glucopyranose units linked via ß-(1,4) glycosidic bonds,

with cellobiose as the fundamental repeating unit), extractives

Chemical interactions
between polymers

α -1,4 glycosidic bonds;α-1,6
glycosidic bonds

Hydrogen bonds (between cellulose-hemicellulose);
Lignin-carbohydrate complex, i.e., the occurrence of phenyl

glycosides, γ-esters, benzyl ethers, ferulate esters, coumarate
esters; Hemiacetal and acetal linkages at 4-OH and 4-O

positions (lignin covalently linked to hemicellulose)

Possible pre-treatment
by-products

Monosaccharides conversion
by-products and secondary

transformation products, i.e.,
levulinic acid, HMF, furfural

Lignin derivatives, HMF, vanillin, syringole, furfural,
p-coumaryl, coniferyl, sinapyl alcohol, oligopeptides,

terpenoids, and levulinic acid, monosaccharides conversion
by-products, i.e., levulinic acid, HMF, furfural
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The need to explore the issues related to biomass pretreatment to achieve a high
degradation of polysugars [31] and to minimize the formation of inhibitors for subsequent
fermentation steps is a consequence of the objectives presented for biomass in Table 1. Due
to chemical properties, it is obvious that the main source of monosugars, i.e., glucose, is
strongly correlated with the starch and cellulose content and availability [25,30].

Starch can be almost completely liquefied while an amylolytic enzyme cocktail is
applied [8,32]. However, remnant protein, fibers, fats, and their secondary transformation
by-products may be present in the starch-based biomass hydrolysates. If the hydrolysis is
too short, resistant starch may occur, i.e., a form that is bonded to the fibers, which requires
a longer time or more aggressive hydrolysis conditions [8].

Cellulose is a linear polysaccharide in the form of insoluble microfibrils. Amorphous
or soluble regions appear in cellulose structure, where the molecules are less compact [32].
However, cellulose fibrils are located in a lignocellulosic matrix which makes them highly
resistant to enzymatic hydrolysis. The degree of polymerization (DP) changes due to pre-
treatment which is associated with changes in structural parameters such as crystallinity
and porosity [33]. Lou et al. showed that the DP of cellulose has a negative correlation
with cellulose hydrolysis. Long cellulose chains are assumed to contain more hydrogen
bonds and are more difficult to hydrolyze, while shorter cellulose chains contain a weaker
hydrogen bonding system, which facilitates access to the enzyme or hydrolyzing agent [34].
Additionally, the presence and structure of hemicelluloses affect the process of sacchari-
fication, as a result of structural obstacles related to their structure. Hemicelluloses are
heterogeneous groups of biopolymers [35,36] and the degree of polymerization of hemicel-
luloses is in the range of 100–200 units and is easily hydrolyzed by diluted acids or bases as
well as enzymes [37]. Hemicellulose is considered a physical barrier restricting cellulose
access. Therefore, the removal of hemicellulose could increase the enzymatic digestibility
of biomass [25,38]. Additionally, lignin hinders biomass pretreatment. Lignin is a highly
complex amorphous heteropolymer of phenylpropanoid monomers (p-coumaryl, coniferyl,
and sinapyl alcohol) [39]. Mentioned structures are presented in Figure 2.
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Lignin is responsible for hydrophobicity and structural stiffness and binds hemicel-
luloses to cellulose in the cell wall. The presence of lignin must be taken into account,
as the secondary derivatives of lignin may affect the dark fermentation step. It is well
known that lignin plays a negative role in cellulose conversion which is influenced by
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several factors such as total lignin content and lignin composition/structure (especially
the content of hydroxyl groups). Lignin can block the access of enzymes to cellulose as
a physical barrier and thus limit the access of polysaccharides [13]. Lignin permanently
absorbs cellulase enzymes, therefore preventing their effect on cellulose. Adsorption of
cellulases on the lignin matrix has been observed for pre-treated substrates with dilute
acid or vapor explosion. It has been observed that cellulases can be adsorbed on the lignin
matrix that pre-treated substrates with dilute acid or steam explosion [21].

2.2. Issues Related to the Availability and Construction of Biomass Surface

The accessible surface area is an important limiting factor in the cellulose digestibility
process. The available surface is related to biomass particle size, porosity, and pore vol-
ume [21]. As the particle size decreases or the pore volume increases, the available surface
area increases and, as a result, the enzymatic digestibility of cellulose increases. In terms of
microcrystalline cellulose, it has been shown that reducing the size increases the accessible
surface area and greatly accelerates the rate of cellulose hydrolysis [40]. For example, by
reducing the particle size from 25.52 µm to 0.78 µm, the available surface area increases
from 0.24 m2/g to 25.50 m2/g, thus increasing the hydrolysis rate [41].

Particle size is a significant parameter that affects cellulose hydrolysis potential. Some
studies have shown that particle sizes smaller than 590–350 µm do not significantly improve
enzymatic digestibility. However, the available surface depends not only on the particle
size but also on the porosity and pore volume [42,43]. The substrate surface is divided
into two external (affected by the length and width of the substrate) and internal (pore
surface) which is a function of the lumen size and the number of pores and cracks under
the substrate. Published studies have shown that there is a direct relationship between
the inner surface and the rate of enzymatic hydrolysis and also the most important factor
limiting the enzymatic digestibility of biomass is the surface area [44–46].

According to some studies, enzyme access to cellulose is more through the cell wall
pores than the outer surface of the substrate. On average, more than 90% of the enzymatic
digestibility of the substrate is conducted by available pores and the outer surface plays a
lesser role [47,48]. SSA (specific surface area) is the total surface area per unit (volume or
mass), and ASA (accessible surface area) represents the area at which cellulases can come
into contact with cellulose. In general, ASA is directly related to SSA, and as ASA increases,
so does SSA, but the whole surface is not effective for cellulose-associated cellulases, and
only pores large enough can allow cellulases to take action [49,50].

Studies have shown that the enzymatic digestibility of biomass decreases after drying
due to hornification and reduced pore size, so pore size can be a limiting factor in the
enzymatic hydrolysis pretreatment process [51]. Hornification depends on the physical
and chemical structure of the cell wall of the undried material, the drying method, and the
drying time. Some studies have shown that drying significantly reduces the number of
large pores and that the collapse and closure of large pores result in smaller pores that are
not accessible to enzymes [52,53]. On the other hand, wet pressing to reduce the moisture
content of the material causes an irreversible reduction in the volume of fiber pores and
thus reduces the enzymatic digestibility of cellulose. Therefore, the effects of hornification
are one of the effective factors in biomass resistance. Although SSA has an important effect
on cellulose enzymatic digestibility, some factors such as cellulose crystallinity and degree
of polymerase affect enzyme digestibility. As a result, these cellulose-related structures can
limit the rate and extent of hydrolysis [54].

2.2.1. Overcoming Cellulose Crystallinity

Cellulose has crystalline and amorphous regions and in these regions of cellulose
there is a form of microfibrils in which paracrystalline groups are composed of several
dozen (1, 4) β-D-glucan that are longitudinally hydrogen bonded together [7]. Due to this
feature (hydrogen bonding), crystalline regions of cellulose are more resistant to enzymatic
hydrolysis and microbial attacks than amorphous regions [40,47,48]. Some studies have
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shown that crystallinity has a negative effect on the enzymatic digestibility of cellulose,
especially the initial hydrolysis rate but, on the other hand, the reconstruction of the
crystalline hydrogen bonding network can increase the rate of polymerization [53]. Some
researchers have shown that the conversion of crystalline allomorph Iβ to IIII by ammonia
reduces the number of in-sheet hydrogen bonds of cellulose while increasing the number
of inter-sheet hydrogen bonds up to five times [10].

Crystallization is considered one of the most effective and important inhibitory factors
of enzymatic hydrolysis. Because the higher the cellulose crystallinity, the lower the
availability of biomass for enzymatic hydrolysis. Cellulose crystallinity is caused by
intermolecular and intramolecular hydrogen bonds between cellulose chains, which can be
modified by biomass pretreatment methods [55,56].

Cellulose consists of two regions, amorphous and crystalline. In order to determine
the crystallinity of cellulose in plants, it is very necessary to determine the cellulose content
because it is expected that cellulose is the only crystalline compound [57]. Cellulose consists
of linear chains of poly [b-1,4-D-anhydroglucopyranose] (C6nH10n + 2O5n + 1 (n = degree
of polymerization of glucose)) which crystallizes through hydrogen bonding between the
chains and has cellobiose as repeating units. The crystal structure of cellulose in higher
plants is that of cellulose Iβ, which consists of monoclinic, P21 space groups with cellulose
chains oriented along a unique c axis [58,59].

Corn and wheat straws are useful for the production of biofuel after pretreatment and
enzymatic hydrolysis of cellulose and hemicellulose to monosaccharides due to their low
cellulose content and large cell lumen, which causes low tensile strength. In the enzymatic
hydrolysis process, exoglucanase is used for crystalline cellulose and endoglucanase is
used for amorphous cellulose to convert cellulose into glucose substrate [60,61].

The effect of crystallinity on hydrolysis is different. Some studies on pretreated wheat
straw [56,62], corn [63], switchgrass, and bagasse [64] reported that crystallinity is the most
effective inhibitor of enzymatic hydrolysis, so the higher the cellulose crystallinity, the
lower the availability of biomass for enzymatic hydrolysis. However, some studies [65–70]
showed that crystallinity in limiting hydrolysis is less important than other physical prop-
erties such as the DP, pore volume, accessible surface area, and particle size.

Due to the presence of different hydrogen-bonding networks, amorphous celluloses
are hydrolyzed three to thirty times faster than high crystalline celluloses [47,48,53]. In the
enzymatic hydrolysis process, first, amorphous cellulose is hydrolyzed and then hydrolysis
of more solid crystalline compounds takes place. However, in most studies, pure cellu-
lose substrates have been used to investigate the relationship between crystallinity and
hydrolysis rate, which does not indicate the heterogeneous lignocellulosic substrate that we
encounter during the hydrolysis of pretreated substrates for biotransformation [25–27,71].

Physical pretreatment methods such as ball milling were used to prepare samples with
different initial crystallinity degrees to show the effect of crystallinity on hydrolysis [72]. It
was found a reduced particle size and an increase in the accessible surface area, which is
the most important factor for the enzymatic digestibility of biomass. The most common
method for determining the crystallinity of cellulose is X-ray diffraction. The crystallinity
index (CrI, Equation (1)) is commonly used to describe the crystalline degree of biomass
and pulp, which is defined as follows [72]:

Crystallinity index (CRI)% =
I002 − Iam

I002
× 100 (1)

I002 is the diffraction intensity of 002 peaks at 2θ ≈ 22.5◦ and Iam is the scattering
intensity of the amorphous region at 2θ ≈ 18.7◦.

CrI measures the relative fraction of crystalline cellulose in total solids and is affected
by the presence of lignin and hemicellulose. Removal of lignin and hemicellulose increases
the CrI in the pretreated material. Therefore, care should be taken when using CrI to study
the effect of pretreatment processes on the change in crystallinity of biomass cellulose.
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Drying the sample before analysis is one of the most important limitations of using this
method because drying in the air or an oven changes the crystallinity of cellulose [21].

Another method of crystallinity analysis of cellulose is the use of the infrared spectrum.
Since the presence of lignin and hemicellulose can interfere with the ratio of amorphous to
crystalline cellulose bonds and the ratio of crystalline cellulose polymorphs, the infrared
spectrum is used for qualitative rather than quantitative studies [73].

2.2.2. Degree of Polymerization

The number of glucose units in a polymer is called the degree of polymerization (DP)
of cellulose. The DP plays an important role in lignocellulose resistance. By changing the
DP, other structural parameters, including crystallinity and porosity, also change [9,33].
Some studies have shown that decreasing the DP in cotton by γ-radiation causes very small
changes in the rate of saccharification. Long cellulose chains are assumed to consist of more
hydrogen bonds that are difficult to hydrolyze, while short cellulose chains are composed
of weaker hydrogen bonds that facilitate enzymatic access [34].

The process of enzymatic hydrolysis of cellulose by the synergy of cellulase compo-
nents is called the process of cellulose depolymerization [15]. The endocellulase breaks
down linear cellulose molecules and produces reducing and oxidizing ends that can be
attacked by exocellulases or cellobiohydrolase [74]. Exocellulases then remove one of the
cellulose molecular strands to create more internal sites for endocellulase binding. Cel-
lobiose is a very strong inhibitor of the activity of endocellulase and exocellulases enzymes,
and the conversion of cellobiose to glucose by β-glucosidase reduces its effect and creates
the ground for continued cellulolytic activity [75].

Gupta et al. showed that endoglucanase (Endo-G) reacts rapidly with non-crystalline
cellulose and reduces the DP by 30 to 60, and then Endo-G is inhibited by non-crystalline
cellulose. β-Glucosidase (β-G) can hydrolyze cell-oligosaccharides with a DP less than
seven and produce cellulose, while it cannot hydrolyze cell-oligosaccharides with a DP
higher than seven. Therefore, due to this mechanism, the hydrolysis rate is faster in shorter
cellulose chains [76].

Nahzad et al. showed that beating the pulp speeds up the hydrolysis and also showed
that the initial DP of the pulp does not have a significant effect on the final amount of
hydrolysis [77]. However, two-thirds of the DP decreased during hydrolysis, which was
the same in all hydrolyzed pulp. The DP is similar to cellulose crystallization and is not
an independent factor, because a change in the DP is always associated with a change
in crystallinity. After beating, the fiber pulp becomes shorter and swells significantly
with increasing porosity. As a result, biomass resistance does not arise from a single
structural factor. Since the plant cell wall is made of cross-links of chemical compounds
and forms a strong and compact spatial structure, there are natural interactions between
these factors [77].

The overcoming of biomass recalcitrance more often involves the application of micro-
bial consortia. Enzymes are recognized as expensive agents; their isolation and purification
are expensive and complicated. Thus, they are mainly used as mixtures. Therefore, the
application of wood-decomposing fungi in consortium with dark fermentation bacteria
is common. Rot fungi, i.e., Phanerochaete chrysosporium, Phlebia radiate, Dichmitus squalene,
Rigidosporus lignosus, and Jungua separabilima can produce lignin peroxidase, polyphenol
oxidase, and magnesium-dependent peroxidase and cause the hydrolysis of lignocellulose
and depolymerization [78].

White rot fungi produce three enzyme fractions [13], i.e., cellulolytic enzymes and
hemicellulases (Endo-1,4-β-glucanase, Exo-1,4-β-gluconase, and glucohydrolases, endo-
1,4-β-xylanases, β-xylosidases, galactoglucomannazes, or galactosides), hemicellulases;
lignosaccharidases (glucose oxidase, pyranose oxidase, oxidoreductase, and cellobiase) and
lignin-degrading enzymes (peroxidase, dioxygenases, peroxydismutases, and glyoxal oxi-
dases). Soft rot fungi, i.e., Trichoderma reesei, Chaetomim sp. and Ceratocystis sp., Ascomycota,
and Deuteromycota, are effective toward wood with high moisture content since a secondary
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erosion of cell walls followed by hemicellulose-cellulose complex decomposition occurs
and monosaccharides are generated and consumed. The culture of this type of rot should
be carried in the presence of fermentative microbes, to avoid losses of monosugars due to
rot self-consumption [13].

Future directions and development regarding overcoming biomass recalcitrance by
biological methods, should, to our best knowledge, consider the elimination of multistep
procedures and therefore the research on the synergistic effect of rot fungi and fermentative
bacteria and archaeon should be investigated.

2.3. Inhibitory Compounds Generation during Pretreatment

Pretreatment methods have been studied but pretreatment advances are still required
since the studies were carried out mainly regarding the mono type of biomass, not biomass
mixtures, characterized as more complex matrixes. Technologies of pretreatment of the
lignocellulosic biomass are usually classified into physical, physicochemical, chemical, and
biological processes. Pretreatment is carried out mainly due to enhancing the fermentation
or biorefining processes [79].

Proper selection of a microorganism or a mixture of microorganisms and the control
of the process conditions (by affecting the pH during fermentation, temperature, or oxygen
content) allows the fermentation to be directed to obtain biocomponents, which are difficult
to obtain in the chemical synthesis [15,42,75]. This approach creates a chance for better
usage of the raw material and highlights the necessity for carrying out biorafination
procedures regarding the fermentation broth [78,79]. Although biogas formed during
biological processes contains hydrogen, due to different gaseous ingredients, a gaseous
stream purification must be concerned. Additionally, pre- and post-fermentation broths
whose composition is based on biomass hydrolysates require purification. Therefore,
consideration of inhibitory by-products must be carried out [80].

Starch-based biomass processing generates a very low possibility of inhibitory com-
pound generation. In this case, only secondary transformations of hexoses (glucose) may
cause HMF generation, especially in acidic conditions [81]. Additionally, poorly chosen
process conditions may lead to incomplete liquefaction of starch [8,74].

Lignocellulosic biomass has a very high potential for the production of biofuels as
well as chemicals. In the case of lignocellulose and saccharification, the conversion of
complex carbohydrates molecules into simpler sugars is required [79]. Inhibitors may
be formed during the hydrolysis process—mainly lignin derivatives—and as secondary
transformation products due to saccharification products’ transformation under specific
conditions. To maximize the fermentation of hexoses (C6) and pentoses (C5), and to
minimize the presence of inhibitors during the fermentation process, the concentration
of possible derivatives must be monitored throughout hydrolysis [82]. Transformation
products of pentoses and hexoses include furfural and hydroxymethyl furfural (HMF),
considered fermentation inhibitory compounds. For possible lignin derivatives, please
refer to Figure 2.

The type of chemical used in the pre-treatment process can have different effects on the
structural components of lignocellulose. For example, alkaline pretreatment, ozonolysis,
peroxide, and wet oxidation are more effective at removing lignin, while dilute acid
pretreatment is more effective at removing hemicellulose [80–82].

2.3.1. Inhibitors Generated during Acidic Pretreatment

Mineral acids such as H2SO4 can be used to pre-treat lignocellulosic biomass. Depend-
ing on the dose of acid used in the process, it can be divided into concentrated or dilute
acid hydrolysis. In the concentrated acid hydrolysis method, lignocellulosic biomass with
high concentrations of sulfuric acid is purified at ambient temperature, which results in
high sugar yields. The use of this method has the advantage of not using enzymes for
saccharification. However, this process also has disadvantages, such as corrosion of equip-
ment, high acid consumption, long reaction time, as well as acid recovery after purification,
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which to some extent causes limitations in using this method. In the second method, using
dilute acid (0.5–1% H2SO4) and high temperature can convert cellulose to glucose [83].

The high-temperature conversion of cellulose to glucose is an efficient way to achieve
an acceptable rate of hexoses. This method, despite the low concentration of acid, short reac-
tion time, and application of high temperature, accelerates the decomposition of hemicellu-
lose sugars while increasing the corrosion of equipment due to the formation of inhibitory
by-products and the need to neutralize the pH for subsequent processes problem [15].
Pre-treatment using the dilute acid method can hydrolyze 100% of the hemicellulose to
its constituent sugars depending on the pre-treatment conditions. The main purpose of
pretreatment with dilute acid is to increase the sensitivity of cellulose to microbial degra-
dation and enzymatic hydrolysis [84]. A two-step process can be used to prevent the
decomposition of sugars. In the first stage, hemicellulose sugars are released under mild
conditions, and in the second stage, cellulose-rich solid residues are released under more
severe conditions. Depending on the nature of the lignocellulosic material, temperatures of
140 to 190 ◦C are used for the first stage and 190 to 230 ◦C for the second stage [84,85].

In the process of acid hydrolysis, temperatures above 110 ◦C cause the formation of
toxic inhibitory compounds such as furfural and 5-hydroxymethyl furfural [79]. These
compounds inhibit enzymatic and microbial hydrolysis. Their removal is necessary and
possible adsorption on activated carbon or precipitation with calcium hydroxide. Other
inhibitors such as chloric, phosphoric, or nitrous acids can be formed with increasing
temperature and depend on the hydrolyzing agent and pollution of biomass with inorganic
pollutants [13,86]. Acidic pretreatment generates inhibitors that must be removed to mini-
mize downstream processing costs. In Figure 3, possible inhibitory compounds occurring
due to cellulose monomers degradation are presented.
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2.3.2. Inhibitors Generated during Alkaline Pretreatment

Alkaline pretreatment of lignocellulosic biomass is one of the most effective methods
to increase the concentration of reducing sugars in the hydrolysis process [29]. In alkaline
pretreatment, dilute bases such as sodium, potassium, calcium, hydroxides, and ammonia
are used in the treatment of lignocellulosic biomass, of which sodium hydroxide is the
most common alkali. Alkaline processes use less temperature and pressure than other
methods [87,88].

This process improves the digestibility of cellulose but the decomposition of sugars in
this method is less than in acidic pretreatment. However, the main obstacle to this method
is the high cost of alkalis. The application of calcium hydroxide, due to its low cost and
ability to recover or regenerate ammonia, which is recyclable due to volatility, can be used
as a solution to this problem [83,89]. Alkaline pre-treatment also enables hemicellulose
degradation. In this case, pentoses may occur [79]. Due to secondary transformations
during the hemicellulose structure degradation, secondary derivatives of pentoses may
occur (Figure 4).
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tions of pentoses during alkaline pre-treatment.

2.3.3. Inhibitors Generated during Oxidative Pretreatment

Hydrogen Peroxide
In the oxidation pretreatment process, peroxides such as hydrogen peroxide or alco-

holic solutions of acetic acid are used. Oxidizing agents can dissolve amorphous cellulose
and lignin, while hemicellulose can be dissolved when separated from the biopolymer.
Crystalline cellulose is not dissolved in this method. In this method, processes such as
electrophilic substitution, site chain dislocation, and aryl-alkyl bonding cleavage occur [90].

Alkaline hydrogen peroxide is used in the paper industry as bleach, lignin, and xylene
remover. This process is very mild and leaves no contamination in the lignocellulosic
biomass and also decomposes into water and carbon dioxide [13,79]. In addition, in this
process, no by-products and inhibitors of pentose and hexose decomposition are formed.
The oxidizing pretreatment reduces the biomass resistance. The hydrogen peroxide only
reacts with the aliphatic biopolymer compounds, and in alkaline conditions, due to the
presence of the cumene anion, lignin is separated from the lignocellulose structure [91].
Unfortunately, the reagent is unstable under alkaline conditions and decomposes easily in
the presence of transition metals such as Mn, Fe, and Cu, so the application of hydrogen
peroxide requires special processing conditions, which is hard to accomplish in bio-fraction
mixtures. The highest pH value-enabling efficient alkaline pretreatment with H2O2 is
11.5. The lowest applicable hydrogen peroxide concentration is 1% with a mass proportion
between H2O2 and biomass equal to 1: 4 [92].

Wet Oxidation Process
In the wet oxidation process (WO), water and oxygen or air with high pressure

and temperature above 120 ◦C are used for the pre-treatment of lignocellulosic biomass.
Combining the alkaline process with wet oxidation, in addition to accelerating the oxidation
rate of lignin, prevents the formation of furfural and inhibitory compounds [83]. The WO
can be used as an effective pretreatment method to convert lignocellulosic biomass, such as
wheat straw, to a soluble hemicellulose fraction and a solid part with high cellulose content
with high sensitivity to enzymatic hydrolysis. In this process, the acids produced due
to the dissolution of hemicellulose components catalyze subsequent hydrolytic reactions,
which decompose hemicellulose into components with low molecular weight and that
are soluble in water. At high temperatures, lignin degradation is particularly important
because phenolic compounds and carbon–carbon bonds are highly reactive under wet
oxidation conditions. In this process, lignin is broken down into CO2, H2O, and carboxylic
acids, which may be the sole carbon source for photo fermentative bacteria [93].

Ozonolysis
In this method, ozone is used to dissolve lignin and part of hemicellulose. The process

of ozonolysis at room temperature can remove lignin without producing any toxic or
inhibitory compounds. The main limitation of using this method is the cost [83].

2.4. Summary of Pre-Treatment Methods Advantages and Disadvantages

In Table 2, the advantages and disadvantages of mentioned pre-treatment methods
are summarized [13,74,78,86,94–97].
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Table 2. Summary of chosen advantages and disadvantages of biomass pre-treatment methods.

Pre-Treatment Method Advantages Disadvantages

Enzymatic hydrolysis
The precise method for saccharification, the

possibility of process planning, and the selection of
an enzymatic liqueur for a specific raw material

The process parameters must be carefully
designed and controlled. Enzymes are

expensive and not always able to recirculate,
loss of activity if the local temperature is

unstable, and some saccharification
by-products are recognized as enzyme

inhibitors

Biological pre-treatment

Ability to design a microbial consortium, reducing
the number of pre-treatment steps. Allows the
design of a precise liqueur of enzymes at lower

costs, a wide range of process parameters, and the
possibility to obtain wild rot species for precise

raw material

Time-consuming process, the possibility of
monosaccharide self-consumption if the

consortium is designed inappropriately, risk of
infection of the bacterial culture, difficulties in

separating the products, and toxicity of the
fermentation broth; work in a two-phase

system is necessary

Acidic hydrolysis

A method that is cheap, easy to control, widely
used, and allows comparison of the results of the
pre-treatment. The application of a wide range of

acid concentrations allows for controlling the
generation of inhibitory compounds

High temperatures, specific requirements of
reactor materials, decomposition of parts of the

main product and its transformation into
inhibitors, and emission of oxides as a result of

the fusion of acid particles

Alkaline hydrolysis

An effective method to increase the concentration
of reducing sugars in the hydrolysis process.
Alkaline processes use less temperature and

pressure than other methods

The decomposition of sugars in this method is
less than in acidic pretreatment. Possibility of

fermentation inhibitors generation and
secondary transformation of saccharification

products

Oxidative hydrolysis
Dissolves amorphous cellulose and lignin,

possibility to remove lignin without derivatives
generation, COD lowering effect

Reagents are unstable under alkaline
conditions and decompose easily in the

presence of transition metals and the
application of hydrogen peroxide requires

special processing conditions

Ionic liquids

It is an effective method for dissolving the plant
cell wall that does not require high temperature to
dissolve the cell wall. This method is used in mild

processing conditions. It also has low volatility
and reusability, selective removal of lignin and

hemicellulose as well as cellulose release

Failure to recycle solvents creates toxic
substances in the environment and deactivates

enzymes

Supercritical fluid
CO2Water

The decomposition of sugars is low and, unlike
acid methods, the amount of corrosiveness is

significantly reduced. It prevents the degradation
of xylose at low temperatures, recovers, and

reusesNo need to dry biomass before pretreatment
and reduces resistance to mass transfer. Requires a

very short reaction time; therefore, the
decomposition of glucose, xylose, and arabinose

sugars is prevented.

Requires high pressure and temperature,
non-change of lignin and hemicellulose,

increasing the concentration of xylan and furan
for pretreatment of corn

DES

High recovery of sugars during the pre-treatment
process, improving the rate of enzymatic

saccharification, preventing the degradation of
polysaccharides, and preserving carbohydrates.
Excellent performance on lignin extraction and

biomass saccharification enhancement. Ability to
selectively dissolve lignin and hemicellulose

The high viscosity limits their application and
the pretreatments are often very complex, with
the inhibition effect toward cellulase and acidic

DESs destroying polysaccharides

The comparison of the advantages and disadvantages of commonly used pretreatment
methods indicates that there is no universal method that will create effective pretreatment
options for each known type of biomass. The selection of the appropriate method must
be empirical and should take into account the issues related to the processing of the raw
material, but also consider the by-products of this treatment. Making it necessary to detoxify
the liquefied parts of biomass will significantly affect the technological effectiveness of
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fermentation processes and their efficiency. In addition, after the fermentation processes,
it may be necessary to clean the gas streams from inorganic impurities related to the pre-
treatment method used, but also from liquid streams in difficult-to-remove derivatives of
hydrolyzed polymers and their decomposition products.

3. Bioconversion of Hydrolysates
3.1. Hydrogen Generation

In nature, anaerobic microorganisms produce hydrogen gas in the absence of oxygen
and use the phenomenon of fermentation, but the amount of this gas is low and is not
economically justifiable for industrial and domestic use. Therefore, it is necessary to search
for methods to increase the efficiency of hydrogen gas production [15]. Anaerobic bacteria
generate biohydrogen and organic acids via dark fermentation. The biohydrogen from
dark fermentation requires purification and the organic acids may be applied as a sole
carbon source in photo fermentation. Rhodospirillum rubrum is a frequently studied species,
which exhibits unique nitrogenase activity, reducing both molecular nitrogen and protons
to molecular hydrogen via photo fermentation [17]. The microorganisms that synthesize
biohydrogen in the photo fermentation process with the use of hydrogenase also include
purple sulfur bacteria, which are strict anaerobes, e.g., Allochromatium vinosum, Thiocapsa
roseopersicina, Chlorobium vibloroforme, Desulfuromonas acetoxidans, and Chloroflexus aurantia-
cus. The range of electromagnetic radiation waves absorbed by them ranges from 400 to
950 nm. Rhodospirillum rubrum, the commonly used microorganism in photo fermentation
is classified as mesophilic, and its temperature optimum is 25–30 ◦C. It has polar flagella
and is a facultative anaerobe [13,17]. Depending on the presence of oxygen, it can carry
dark fermentation or oxygen respiration. It is also capable of photosynthesis as it contains
carotenoids and bacteriochlorophyll. In addition to the ability to bind carbon dioxide, it can
bind nitrogen. It contains both Fe-Mo- (iron-molybdenum) and Fe-nitrogenase. Microor-
ganisms of this type are currently one of the most promising in the field of biohydrogen
synthesis by photo fermentation [18].

The main purpose of starch and lignocellulosic pretreatment processes is to reduce the
degradation of sugars, minimize the formation of inhibitory compounds, and reduce the
consumption of chemical compounds, energy, water, and waste production [98]. Addition-
ally, the digestibility in bioconversion of biomass must be improved as an effect of biomass
pre-treatment

The efficiency of bioconversion concerning hydrogen generation for diversified sole
carbon sources in the broths is presented in Table 3.

As seen in Table 3, most research carries the discussion on fermentation efficiency
on a single substrate. A review of the literature has shown that there is a lack of research
based on the fermentation of real mixtures and real wort, in which lignocellulosic and
starch polymers can occur simultaneously as carbon sources. Industrial practice in the field
of hydrogen fermentation is that in the case of biohydrogen, there must be a departure
from the fermentation of only one raw material towards the co-fermentation of many
raw materials. This type of approach is more and more often ordered and fits into the
assumptions of the circular economy.
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Co-fermentation uses a mixture of biowaste from different sources. Joint fermen-
tation allows to obtain proper hydration of the fermentation mass, improvement of the
balance of biogenic elements, or an increase in the load of easily biodegradable matter,
which contributes to a more stable course of the process, and also allows for the synergy
effect, which increases the efficiency of organic mass decomposition and biohydrogen
generation efficiency.

The most frequently tested dark fermentation feeds are hydrolysates based on glucose
and sucrose. A review of the literature [26,99–117] showed that for most model studies,
substrate concentrations of about 10 g/L were neutral towards the slightly acidic pH of the
fermentation broths. Only a few studies [104] were carried out for a pH > 7; however, as
it appears from the content of the study, this is only the starting pH, which drops during
fermentation due to the formation of organic acids during fermentation in a continuous
UASB reactor. Researchers of processes mentioned in Table 3 have not decided to conduct
continuous processes, but there are exiles with two-stage fermentation or in a continuous
rotary system. Based on experiments, it can be concluded that in most cases when pure
cultures [26,100,111] are used, slightly higher yields of hydrogen can be obtained than
when mixed cultures are used [104–108]. Unfortunately, the nature of these pure cultures
often requires the use of relatively high temperatures, since they are thermophilic strains.
Based on the published data, it is impossible to balance the productivity of hydrogen and
the energy sense of the processes performed. Therefore, tests for real broth conditions are
required, to compare the effectiveness of the fermentation data or to adjust a universal
model for fermentation conditions. This kind of model must raise issues related not only
to gaseous products but also to the composition of the post-fermentative liquid. When
increasing the profitability of the process is possible, more attention is paid not only to
detoxification but also to potential methods of post-fermentation broth management.

3.2. Genetic Modifications of Microorganisms

Genetic modification of microorganisms is an interesting aspect of enhancing hydrogen
productivity with the simultaneous adaptation of microorganisms against the resulting fer-
mentation by-products. Industrial conversion of biomass to fuel currently involves heat and
chemical treatment to overcome the biomass recalcitrance of starch, cellulose, hemicellulose,
and lignin, followed by enzymatic hydrolysis to dissolve the plant cell wall to produce a
fermentable substrate for fuel-producing microorganisms. All of these methods add costs
and, on the other hand, produce hydrolysates that are toxic to microorganisms and harmful
to the sugars in biomass [118]. An approach involving genetic engineering techniques
to manipulate the metabolism of microorganisms may also be applied. The efficiency of
biohydrogen production can be improved and, consequently, the total processing costs
can be reduced. Expression of the genes responsible for the production of organic acids
may be turned off, while the strains with multiple enzyme systems, including cellulase and
xylanase, which are responsible for the breakdown of cellulose and hemicellulose, may
be introduced and developed [15]. Genetic engineering provides the basis for increasing
biohydrogen production. There are several methods, including deletion of a competitive
gene, overexpression of a homologous or heterologous gene, creation of artificial pathways,
culture, and identification of indirect hydrogen-producing organisms to improve hydrogen
metabolic function through genetic engineering. A genetic modification of enzyme activity
can be effective when the specific amount of that enzyme is limited [119]. The possible
paths and the effects of genetic engineering of different species of microorganisms on
biohydrogen production efficiency are presented in Table 4.
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Table 4. Effect of genetic modification in various species of bacteria on hydrogen efficiency in
bioconversion.

Microorganism Strain Genetic Modification mol H2/mol
Glucose Reference

Caldicellulosiruptor bescii
* - deletion of L-lactate

dehydrogenase gene (ldh) 2.5 [118]

Escherichia coli * SR15 modifying ∆ldhA, ∆frdBC 1.82 [120]

Escherichia coli * - production BW25113 hyaB hybC
hycA fdoG frdC ldhA aceE 2 [121]

Escherichia coli * MC4100, wild-type FTD89, mutant deletion of Hyd-1 + Hyd-2; hyaB +
hybC 1.043 [122]

Escherichia coli * FTD67, mutant deletion of Hyd-2; hybC 1.024 [122]
Escherichia coli * W3110, wild-type SR15, mutant deletion of ldhA + frdBC 1.82 [123]

Escherichia coli * W3110, wild-type SR14, mutant deletion of ldhA + frdBC
overexpression of fhlA 1.87 [123]

Escherichia coli * Bl-21 recombinant, mutant deletion of hydA 3.12 [124]

Escherichia coli * BL21(DE3] _iscR pYdbK pAF,
mutant

deletion of iscR + MCS2
overexpression of YdbK + CpFdx +

hydA + hydF + hydG + hydE
1.46 [125]

Clostridium
paraputrificum * M-21 pJIR751, mutant overexpression of hydA 2.4 [126]

Clostridium
acetobutylicum * DSM 792 [pSOS], mutant overexpression of thl promoter 1.77 [127]

Clostridium
acetobutylicum * DSM 792 [pSOShydACa], mutant overexpression of hydA 1.81 [127]

Clostridium
acetobutylicum * DSM 792 (pSOShydACb), mutant overexpression of hydA 1.80 [127]

Clostridium
tyrobutyricum * PAK-Em, mutant deletion of ack 2.16 [128]

Clostridium
tyrobutyricum * PAK-Em, mutant deletion of ack 2.61 [129]

Clostridium
tyrobutyricum * ATCC 25,755 PPTA-Em, mutant deletion of pta 1.08 [129]

Enterobacter aerogenes * IAM1183 A, mutant deletion of hycA 1.20 [130]
Enterobacter aerogenes * IAM1183 O, mutant deletion of hybO 1.27 [130]
Enterobacter aerogenes * IAM1183 AO, mutant deletion of hycA + hybO 1.36 [130]
Enterobacter aerogenes * ATCC 13048/hydA, mutant overexpression of hydA 2.31 [131]
Enterobacter aerogenes * IAM1183 Ea (pMCL-fdhF), mutant overexpression of fdhF 1.16 [132]

Enterobacter aerogenes * IAM1183 A (pMCL-fdhF), mutant deletion of hycA
overexpression of fdhF 1.19 [133]

Enterobacter aerogenes * IAM1183 (pCOM 10-fdh1), mutant deletion of ldh
overexpression of Fdh1 1.70 [134]

* The kind of bacteria.

To the best knowledge of the authors, research in the field of genetic modification
of microorganisms for adaptation to the composition of hydrolysates is not currently
carried out. This type of approach could, however, allow the implementation of large-
scale processes and independence from difficult ingredients in fermentation broths, which
may occur as a result of pre-treatment. However, the designed genetically modified
microorganisms have to be tested on real fermentation broths since research has shown that
the adaptation of model conditions to real broths may require time-consuming optimization.

4. Post-Fermentative Broth Detoxification and Management Methods

The inhibitory compounds generated during pre-treatment may affect the efficiency
of bioconversion; the broth composed mainly from the hydrolysates must be processed for
detoxification, if necessary [79].

The degrees of inhibition of lignocellulosic hydrolysates and also the degree of inhibi-
tion tolerance of various microorganisms are different. The choice of detoxification methods
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depends on the source of lignocellulosic hydrolysate and the microorganisms used. There-
fore, detoxification methods can be divided into three groups: physical, physicochemical,
and biological [135].

As chemical structures are a criterion for classification, inhibitory compounds may be
divided into four groups [79]: substances produced by hemicelluloses (acetic acid which is
the source of deacetylation of xylan); substances that are produced from the degradation of
lignin (phenolic compounds and other aromatic compounds); materials obtained from the
destruction of pentoses (furan derivatives, furfural) and hexoses (5-hydroxymethylfurfural);
And metals leached from inorganic pollutants and/or equipment (copper, chromium,
nickel, and iron) [101,114]. All of these compounds can individually or synergistically
affect the physiology of fermenting microorganisms during bioconversion [134]. Therefore,
the removal or reduction of the amount of these compounds is necessary to increase the
efficiency during the microbial fermentation process of biomass hydrolysates [135].

The processing of post-fermentation broths may be crucial for their management,
especially since the broth may contain not only the products of microbial metabolism but
also remnants of the microbes present in the broth during bioconversion. The methods of
purification of the remnant broths before and after fermentation would therefore be the
same, and the applicable ideas are presented in Figure 5.
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4.1. Physical Methods
4.1.1. Evaporation

The evaporation process can be used to remove toxic inhibitory compounds, such
as acetic acid, furfural, and vanillin. One of the disadvantages of this method is the
increase of non-volatile toxic compounds as extractives [134]. Evaporation may be used
especially for post-fermentation broth purification, since an increase in the temperature
may affect the structures of microbes in the broth. Increased temperature causes the
denaturation of proteins and, therefore, allows for the removal of the proteins and microbial
remnants from the post-fermentation broth, especially when coupled with centrifugation
and sediment separation.

4.1.2. Membranes

The membrane process can be used as one of the detoxification methods. This method
prevents the aqueous phase (hydrolyzate) from mixing with the organic phase (solvents)
which is toxic to microorganisms [136]. Each membrane has surface functional groups that
can remove inhibitory compounds such as acetic acid, 5-hydroxymethyl furfural, furfural,
formic, levulinic, and sulfuric acids from hydrolysate solutions [137].

4.2. Physicochemical
4.2.1. Ion Exchange Resins

The process of ion exchange resins is one of the most effective detoxification methods.
In this process, inhibitory compounds derived from lignocellulose hydrolysis, including
lignin, acetic acid, and furfural, are removed, thus improving the efficiency of the fermenta-
tion process [138]. The main advantage of this method is that they are recoverable and can
be reused without affecting the detoxification efficiency. On the other hand, this method
also has disadvantages, such as increased high-pressure drop across the bed during work,
long processing time due to slow pore diffusion, and the possibility of degradation of
fragile biological product molecules, In this method, a significant amount of fermentable
sugars are lost after the process [115].

4.2.2. Neutralization

Because the pH is low after acid hydrolysis pretreatment, the pH neutralization process
approaches the fermentation conditions. Additionally, the inhibitory compounds (phenol
and furfural) are removed by precipitation. This method uses chemical compounds such
as calcium hydroxide and sodium hydroxide. In the calcium hydroxide neutralization
method, CaSO4 precipitates are produced which must be removed from the environment
by centrifugation in the next step, so the production of precipitates can cause problems in
the fermentation process [139].

4.2.3. Overliming

Among detoxification methods, the CaSO4 process has been reported as one of the
most widely used methods [140]. In this process, first, the pH of acidic hydrolysis increases
and then decreases to the desired pH for fermentation. During this pH increase, toxic,
inhibitory, and unstable compounds precipitate. This method has high efficiency in re-
moving these compounds, especially furan compounds, and is an economically desirable
method [141,142].

4.2.4. Activated Charcoal

Activated charcoal is another widely used method for detoxification. This method is
very low-cost and efficient. In this method, most phenolic compounds are removed and
also do not cause many changes in the level of fermentable sugars. Important factors in
improving this process are the ratio of activated carbon to hydrolyses, pH, temperature,
and contact time [135,143].
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4.2.5. Extraction

Solvent extraction is an efficient method for the removal of highly available toxic
inhibitory compounds such as acetic acid, furfural, vanillin, hydroxy-benzoic acid, and low
molecular weight phenolics. Ethyl acetate, chloroform, and trichloroethylene are among
the most common solvents used in this process [144].

4.3. Biological Methods

In the biological process, special enzymes and microorganisms are used to remove or
induce changes in the composition of the inhibitory compound [134]. The advantages of
this method include the following: less waste production, the possibility of detoxification
in the fermentation vessel, being environmentally friendly, fewer side reactions, and lower
energy requirement [145].

This group of methods requires a long process time. Enzymes such as laccase and
peroxidase derived from white-rot fungi are used to remove phenolic compounds from
lignocellulose hydrolyzers. The main mechanism of detoxification of these enzymes may
include oxidative polymerization of low molecular weight phenolic compounds. White rot
fungi may be applied both in pre-treatment and broth management steps. They also catalyze
the oxidation of alternative phenols, anilines, and aromatic thiols [146,147]. Another
disadvantage of enzymatic detoxification is the long incubation time and high cost. While
the advantage of this method is that it takes place in mild environmental conditions (neutral
pH and mesophilic temperature) [148].

Microorganisms such as yeasts, fungi, and bacteria can be used to absorb inhibitory
and toxic compounds. Some microorganisms can release cellulose and hemicellulose during
incubation and only decompose lignin, so this method creates a lignocellulosic substrate
that can decompose fermentable sugars in a mild and short time [146,148].

4.4. Perspectives of Broth Detoxification and Management Methods

Known methods of post-fermentation broth management focus primarily on lowering
those parameters of the liquid, which may affect the possibility of discharging the broth to
wastewater. Most often this includes metal ion content, total organic carbon level, chemical
and biological oxygen demand, solids content, and phenolic compounds content. The au-
thors, however, have some experience in model post-fermentation broth management [149]
which, to our best knowledge, may be adopted under real conditions.

Interest in the topic of broth management methods has shifted to the possibility of
extracting added-value products from fermentation broths [134–139]. If for some reason, on
the side of microorganisms, the complete utilization of monosaccharides by fermentation is
not achieved, it is possible to control the detoxification process in such a way as to convert
monosaccharides into substances with potential use in the synthesis of green solvents [149].
One must remember that the post-fermentation broth may contain some inhibitors present
due to pre-treatment residual products, but also other chemicals that have been recognized
as fermentation inhibitors that were generated during the fermentation process. Some of
these chemical compounds could become precursors of deep eutectic solvents that can be
obtained in situ, directly from post-fermentation broths.

The pilot research carried out by the team [149] indicates that this type of action allows
us to successfully obtain DES based on LA, HMF, and furfural. At the same time, since this
process requires the conversion of monosaccharide residues, which is carried by increasing
the temperature and reducing the pH, the microorganisms die and decay, and the proteins
suspended in the broth are denatured. It is therefore possible to generate DES in situ
and to precipitate morphotic cell debris. The treatment of the broth by precipitation of
solid particles and their subsequent centrifugation allows at the same time to reduce the
parameter related to the content of solid particles, reducing the values of COD and BOD.
Only after the separation of the liquid and solid streams, the pre-processed fermentation
broth, often rich in organic acids being a product of the metabolism of dark fermentation

184



Molecules 2022, 27, 7658

bacteria, can be directed to photo fermentation, where the organic acids will be processed
by microorganisms, i.e., the Rodospirillum rubrum sp [114].

A promising direction of broth management is biorefining, which allows, under
specific conditions, to obtain a wide spectrum of end products. Biorefining mainly concerns
raw materials of plant origin and the process requires the separation of botanical and
chemical components [18,31,46,99]. After the processing of biomass to obtain hydrogen,
the remaining debris, solids, and liquids can be converted from one form to another. Such
transformations require the use of enzymes, microorganisms, and other biological agents.
As a result of the biorefining process, plant-specific ingredients, such as proteins and lipids,
are recovered from plants [46].

The disposal of post-fermentative broth during a co-fermentation in a biohydrogen
plant allows carrying sufficient management of the broth. After dark and photo fermenta-
tion, several nutrients and microelements still occur in the broth. Therefore, an addition of
post-fermentation broth to a co-digester may have a promoting effect on methane genera-
tion. Finally, the leftovers from the biohydrogen plant may be applied as fertilizers after
maturation.

Future perspectives should also consider problems related to scale-up, for each dis-
cusses the pre-treatment method. These types of problems arise in the very first part of the
technology when pre-treatment is considered. Acidic pretreatment with the application
of high acid concentrations causes corrosion of the equipment, which can involve a lot
of maintenance and repair costs. Due to the low pH, it requires the neutralization of
hydrolyzed biomass before fermentation. Due to the production of inhibitory compounds,
it needs to add a detoxification step to remove these compounds, thus the costs will be
increased. Optimization of the process parameters before scale-up is required. Alkaline
pretreatment with the use of sodium, potassium, calcium, and ammonia hydroxide in high
concentrations has a very high cost and, on the other hand, their entry into the environment
causes environmental problems, so there is a need for recycling, wastewater treatment,
and waste handling that will increase the costs. Oxidative pre-treatment is cost-consuming
and requires special processing conditions and safety regulations. Biological pretreatment
requires specific control for the growth conditions of microorganisms and a skilled op-
erator. It needs a lot of space and time since it has a low efficiency compared to other
methods. Enzymatic pretreatment requires optimal conditions and constant monitoring
of hydrolysis temperature, time, pH, enzyme loading, and substrate concentration, so it
has a difficult design and operation. During ionic liquids pretreatment, the recovery of
the hydrolyzing agent and the reuse of ionic liquids are major problems for industrial
applications of biomass pretreatment. As supercritical CO2 pretreatment is considered,
the use of high temperature and pressure is an important economic problem on a large
scale. DES pretreatment is very complicated due to the responsibility of many variables,
so skilled operators are needed and, on the other hand, the high viscosity of DES severely
limits their use.

5. Summary

Investigations on a multistep bioconversion process of biohydrogen generation should
be carried out concerning the sustainable development and minimization of energy ex-
penditure for the purification of post-production streams. Most published papers focus
on the purification of gaseous streams after fermentation, since the generation of biofuels
is the main direction of the conducted studies. Since several intermediate liquid streams
occur during the multistep process of bioconversion, their disposal, detoxification, and
management must be taken into account. Hydrolysates of starch and lignocellulose may be-
come a source of vanillin, syringole, cumarol, furfural, HMF, levulinic acid, and many other
value-added products. The literature lacks models that would allow us to unambiguously
balance the productivity of biohydrogen, and at the same time assess the environmental
effect of the fermentation carried out with the potential liquid pollutants generated as a
result of the conducted fermentation.
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Several paths of pre-treatment and derivatives occurring in the broth due to this
process were discussed. According to the literature, the purification of intermediate streams
does not differ from the purification after the bioconversion and, therefore, if the applied
temperature does not increase above the temperature allowing for protein denaturation, it
may be carried to obtain liquid streams allowing to improve the bioconversion to gaseous
biofuels, i.e., biohydrogen. On the other hand, the post-fermentation broth after dark
fermentation contains organic acids and therefore may be purified by subjecting it to photo
fermentation. This approach allows us to improve the overall efficiency of hydrogen.
The insights of the process based on broths composed of organic acids should become a
significant direction of research.

In the opinion of the authors, the used biomass pre-treatment method influences the
possible paths of managing the fermentation broth. If the possibility of using diversified
raw materials, different cultures, and process parameters is considered, it turns out that
despite the multitude of research in the field of fermentation, there is no universal method
that would allow the management of all types of broth. This justifies the need for further
research, an important aspect of which is a complete approach to the topic, which will
enable the description of each of the streams and an unequivocal way of its management.
Many investigations are focused on finding a novel bio-refining path that would allow for
improving the economic issues in biofuel generation. Methods allowing the generation of
green solvents, i.e., DES, or allowing the disposal of post-fermentation broth as an addition
in a biohydrogen plant and as a fertilizer precursor seem promising.
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Abstract: Acetyl xylan esterases (AXEs) are enzymes capable of hydrolysing the acetyl bonds in
acetylated xylan, allowing for enhanced activity of backbone-depolymerizing enzymes. Bioprospect-
ing novel AXE is essential in designing enzyme cocktails with desired characteristics targeting the
complete breakdown of lignocellulose. In this article, we report the characterisation of a novel AXE
identified as Gene_id_40363 in the metagenomic library analysed from the gut microbiota of the
common black slug. The conserved domain description was identified with an NCBI BLASTp search
using the translated nucleotide sequence as a query. The activity of the recombinant enzyme was
tested on various synthetic substrates and acetylated substrates. The protein sequence matched
the conserved domain described as putative hydrolase and aligned closely to an uncharacterized
esterase from Buttiauxella agrestis, hence the designation as BaAXE. BaAXE showed low sequence
similarity among characterized CE family proteins with an available 3D structure. BaAXE was active
on 4-nitrophenyl acetate, reporting a specific activity of 78.12 U/mg and a Km value of 0.43 mM.
The enzyme showed optimal activity at 40 ◦C and pH 8 and showed high thermal stability, retaining
over 40% activity after 2 h of incubation from 40 ◦C to 100 ◦C. BaAXE hydrolysed acetyl bonds,
releasing acetic acid from acetylated xylan and β-D-glucose pentaacetate. BaAXE has great potential
for biotechnological applications harnessing its unique characteristics. In addition, this proves the
possibility of bioprospecting novel enzymes from understudied environments.

Keywords: acetyl xylan esterase; lignocellulose; hemicellulose; novel enzyme bioprospecting;
carboxylesterase; hydrolase

1. Introduction

The utilisation of fossil fuels has led to several concerns, such as greenhouse gas
emissions, environmental pollution, and resource depletion, prompting the development
of renewable energy alternatives, such as lignocellulose biomass, to mitigate the disad-
vantages associated with fossil fuel use [1–3]. Lignocellulose biomass (LCB) is the most
abundant and widely distributed organic chemical on earth [4]. LCB includes hardwood,
such as poplar and oak; softwood, such as pine and spruce; agricultural wastes, such as
wheat straw and sugarcane bagasse; and dedicated energy crops, such as jatropha and
Miscanthus sp. [5,6]. LCB is a potential and promising feedstock source for the production
of fuels and platform chemicals in the concept of biorefinery [7]. Refining LCB from various
sources would produce cellulose and hemicellulose, which can be processed into fuels
and chemicals, and lignin, which can be harnessed to produce energy and chemicals [8].
However, the full utilisation of LCB is challenged by its recalcitrant nature, and the need
for expensive pretreatment to release the components of LCB makes the technology unsus-
tainable [9,10]. Pretreatment methods, such as physical and chemical pretreatments, are
energy-consuming, require special equipment, and produce compounds that can inhibit
hydrolytic enzymes and fermentation [11]. For instance, acid treatment of LCB leads to the

Molecules 2022, 27, 2999. https://doi.org/10.3390/molecules27092999 https://www.mdpi.com/journal/molecules193



Molecules 2022, 27, 2999

formation of inhibitory compounds, such as furfural and 5-hydroxyl furfurals, and a large
amount of basic solution is required to restore the pH needed for downstream processes [8].
Biological pretreatment with isolated enzymes or enzyme cocktails offers a sustainable
pretreatment alternative characterized by a low energy requirement and selective isolation
of the different components of LCB and devoid of the formation of inhibitory compounds.
Hence, effective biological pretreatment presents a promising approach to achieving LCB
degradation with positive economic and environmental impacts [12].

Hemicellulose is the second-most abundant polysaccharide type, composed of pen-
toses, such as xylose, and hexoses, such as glucose [13]. It is an important plant-derived
polysaccharide with applications in the development of bio-based chemicals, biofuels,
pharmaceuticals, and prebiotics [14,15]. Hemicellulose is heterogeneous and comprises
different subunits, such as glucomannans, arabinoglucuronoxylans, xyloglucans, man-
nans, xylan, and arabinogalactans. The composition of hemicellulose subunits is varied
among the various biomass sources [16–18]. For instance, hardwoods are essentially com-
posed of xylans in the form of acetylated xylan and glucomannans [19]. The enzymatic
hydrolysis of hemicellulose involves various hemicellulases, such as xylanases (endo- and
exo-xylanases); β-xylosidases; and accessory enzymes, such as arabinofuranosidases and
acetyl xylan esterases (Figure 1) [20]. Xylanases act on the xylan chain to release shorter
chains, such as xylooligosaccharide and xylobiose, which are then hydrolysed to xylose
units by β-xylosidase [21]. The xylan backbones are often substituted with different side
chains, such as acetyl, 4-O-methyl glucuronic acid, feruloyl and ρ-coumaroyl, and arabi-
nosyl residues [14,22]. Acetylation, like other substitutions, restricts the access of xylanases,
resulting in reduced release of sugars available for fermentation [23]. Hence, the removal
of xylan substitutions is crucial for improved hydrolysis of hemicellulose. The treatment of
LCB with accessory enzymes has been shown to increase hydrolysis efficiency and improve
the activity of backbone depolymerizing enzymes [23]. For example, the synergetic action
of acetyl xylan esterase from Neocallimastix patriciarum and xylanase (XynA) released higher
amounts of reducing sugars compared with hydrolysis with xylanase alone [24].
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Figure 1. Hemicellulose subunits and breakdown. Structure of major xylan types and enzymes
involved in subunit breakdown are identified with arrows indicating enzyme specificity.

Acetyl xylan esterases (AXEs; EC 3.1.1.72) are accessory enzymes able to hydrolyse
ester linkages, liberating acetic acid from acetylated hemicellulose [25]. Hardwoods are
highly acetylated, with approximately 50–70% of their xylose units acetylated at the C-2
and/or C-3 hydroxyl positions [26]. Hence, acetyl residues are considered the most abun-
dant substitution in hemicellulose [27]. AXEs belong to the α/β hydrolase superfamily,
characterised by the α/β- hydrolase fold and the canonical catalytic triad Ser-His-Asp [28].
The sequence of AXEs has the consensus motif Gly-X-Ser-X-Gly around the active site
serine [28]. According to the CAZy classification, AXEs are classified into nine carbo-
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hydrate esterase (CE) families—CE 1–7, 12, and 16, with the CE 10 family reported as
esterases acting on non-carbohydrate substrates [28]. Substrate characterisation of AXEs
shows varied substrate activity. Most of the characterised AXEs hydrolysed acetylated
xylooligosaccharides and were active on acetylated oligosaccharides/monosaccharides,
such as acetylated glucose [29]. For instance, a novel CE (BD-FAE) showed bifunctional
attributes, with acetyl xylan esterase activity on acetylated glucuronoxylan from birchwood
and feruloyl esterase activity on feruloylated xylooligosaccharides from corn fibre [16].
AXEs have been discovered from a wide range of microbial sources (fungi and bacteria),
such as Thermotoga maritima, Bacillus pumilus, Trichoderma reesei, Clostridium thermocellum,
Coriolus versicolor, Schizophyllum commune, Aspergillus versicolor, Streptomyces albicans [12,30],
and plant and animal sources [31].

Novel AXEs have been mined from different environmental sources such as compost,
termite gut, and bovine rumen returning libraries of putative enzymes using a metage-
nomic approach [32,33]. Although several AXEs have been identified and characterised,
the importance of AXEs in lignocellulose degradation supports the need for continuous
bioprospecting of novel AXEs with improved properties. The identification of novel AXEs
with improved catalytic properties promotes a robust enzyme reservoir for plant biomass
degradation under operating conditions [34]. For example, a novel acetyl esterase targeting
4-O-methylglucopyranosyluronic acid substitution in glucuronoxylan was identified from
a polysaccharide utilization locus (PUL), having been identified as a protein of unknown
function [35]. The common black slug (Arion ater) is a plant-feeding organism and one of
the most widespread plant pest species in Western Europe and North America [36]. The
gut microbiota metagenomics of this organism showed a community of bacteria species
known for lignocellulose degradation and well-characterised bacteria plant pathogens [37].
Over 3383 genes with putative activity in lignocellulose degradation were identified from
the functional metagenomics screening of this organism [37]. In this work, we report the
biochemical and functional properties of a novel AXE identified from the metagenomic
library of the common black slug.

2. Results
2.1. Bioinformatics and Homology Modelling

Gene_id_40363 was annotated as a Carbohydrate Esterase 1 (CE1) family protein in the
metagenomic library of the slug’s gut microbiota. This library comprises proteins with putative
functions classified under different CAZyme families (Table 1). The translated nucleotide
sequence of Gene_id_40363 returned a conserved domain function description for putative
esterase and showed 92.7% similarity with an uncharacterized esterase from Buttiauxella
agrestis (Max score: 420 and E-value: 7 × 10−148). The sequence of Gene_id_40363 contained
the predicted SGNH hydrolase-type esterase domain and belonged to the GFSQ-like lipase
abhydrolase family (abhydrolase_2; Pfam domain PF02230; Figure 2).

The CE1 family contains over 5000 protein entries and covers activities including acetyl
xylan esterase, cinnamoyl esterase, feruloyl esterase, carboxylesterase, S-formylglutathione
hydrolase, diacylglycerol O-acyltransferase, and trehalose 6-O-mycolyltransferase and
several other esterases, such as poly (β-hydroxybutyrate) depolymerase. However, only
11 proteins (10 from eukaryote sources and 1 from bacteria sources) have been charac-
terised so far in this family. Homology models developed in I-Tasser using the closest
structural similarity based on the threading program returned the α/β fold model of the
abhydrolase protein family. The homology model features 5 α-helices and 6 β-sheets, and
the catalytic triad was observed at positions S111, D159, and H191. The homology model of
Gene_id_40363 showed the absence of lid structure, but three loop structures were observed
around the active site region (Figure 2). We accessed relatedness with members of other CE
families. Gene_id_40363 shares low sequence identity with characterised proteins in the
CE family that have a 3D structure model available in PDB (Figure 3).
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Table 1. Hemicellulases screened from the metagenomic library of the slug’s gut microbiota.

CAZy Family Activity * No. of Genes

CE 1 Acetyl xylan esterase 120
CE 10 Esterase 38

GH 43 β-Xylosidase, α-L-arabinofuranosidase,
xylanase and arabinanase 55

GH 5 Endo-β-1,4-xylanase, β-mannosidase 15
GH 12 Endoglucanase, xyloglucan hydrolase 13
GH 16 Xyloglucanse, endo-1,3-β-glucanase 117
GH 10 Endo-1,4-β-xylanase, endo-1,3-β-xylanase 16
GH 67 α-Glucuronidase, xylan α-1,2-glucuronidase 1

GH 51 Endoglucanase, endo-β-1,4-xylanase,
β-xylosidase, α-L-arabinofuranosidase 3

CE 6 and CE 7 Acetyl xylan esterase 5
GH 8 Endo-1,4-β-xylanase 11

GH 38 α-Mannosidase 39
GH 39 β-Xylosidase 279

* Protein family function as described on CAZy.org.
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Figure 2. MSA and homology model. (A) The sequence of Gene_id_40363 was aligned with selected
members of the abhydrolase_2 protein family. The function and source of aligned sequences (from
top to bottom) are 40363 (Gene_id_40363, metagenomic sequence), sp_P76561 (esterase YpfH from
Escherichia coli), Q3J2V1 (phospholipase/carboxylesterase from Rhodobacter sphaeroides), and G4RF17
(phospholipase/carboxylesterase from Pelagibacterium halotolerans). (B) The homology model of
Gene_id_40363 was developed in I-Tasser and displayed in PyMOL. Catalytic residues are annotated
as S111, D159, and H191.

2.2. Recombinant Protein and Activity Assay

Recombinant protein of Gene_id_40363 (BaAXE) was expressed in E. coli BL21 (DE3)
with a C-terminal 6x His-tag to enhance detection and purification. The recombinant pro-
tein showed a molecular weight of 27 kDa estimated by SDS-PAGE and confirmed with
Western blot detection. The observed size corresponds to the theoretical value estimated
by ProtParam hosted on Expasy. The purified protein was eluted with buffers contain-
ing 105 mM and 120 mM imidazole (Supplementary Data Figure S1). BaAXE predicted
as an esterase was active on acetate substrates—4-nitrophenyl acetate (specific activity:
78.12 U/mg) and 4-methylumbelliferyl acetate (specific activity: 2.49 U/mg). Furthermore,
BaAXE was active on 4-nitrophenyl butyrate (specific activity: 99.73 U/mg) but showed no
clear activity on longer-chain acyl chain esters (C8–C16; Figure 4).
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Molecules 2022, 27, x FOR PEER REVIEW 5 of 17 
 

 

 
Figure 3. Phylogenetic tree. The nucleotide sequence of Gene_id_40363 was used to construct a phy-
logenetic tree with characterised proteins of CE family 1–7 with 3D models available in PDB. A 
Neighbour-Joining phylogenetic tree was constructed in MEGAX with 1000 bootstrap replicates. 
Proteins are identified with their GenBank number and described with their function(s) and CAZy 
classification. 

2.2. Recombinant Protein and Activity Assay 
Recombinant protein of Gene_id_40363 (BaAXE) was expressed in E. coli BL21 (DE3) 

with a C-terminal 6x His-tag to enhance detection and purification. The recombinant pro-
tein showed a molecular weight of 27 kDa estimated by SDS-PAGE and confirmed with 
Western blot detection. The observed size corresponds to the theoretical value estimated 
by ProtParam hosted on Expasy. The purified protein was eluted with buffers containing 
105 mM and 120 mM imidazole (Supplementary Data Figure S1). BaAXE predicted as an 
esterase was active on acetate substrates—4-nitrophenyl acetate (specific activity: 78.12 
U/mg) and 4-methylumbelliferyl acetate (specific activity: 2.49 U/mg). Furthermore, 
BaAXE was active on 4-nitrophenyl butyrate (specific activity: 99.73 U/mg) but showed 
no clear activity on longer-chain acyl chain esters (C8–C16; Figure 4). 

 
Figure 4. Activity assay. BaAXE was assayed using various acyl chain esters (C2–C16). 4-NPA—4-
nitrophenyl acetate; 4-NPB—4-nitrophenyl butyrate; 4-NPO—4-nitrophenyl octanoate; 4-NPD—4- 
nitrophenyl decanoate; 4-NPP—4-nitrophenyl palmitate. The assay reaction was carried out with a 
1 mM concentration of each substrate, and the reaction proceeded for 20 min at 40 °C. Absorbance 
readings were taken at 410 nm at 1 min intervals. Each bar represents activity on each substrate,  
n = 3 and the error bar corresponds to the standard error of the mean (SEM). 

  

Figure 4. Activity assay. BaAXE was assayed using various acyl chain esters (C2–C16). 4-NPA—
4-nitrophenyl acetate; 4-NPB—4-nitrophenyl butyrate; 4-NPO—4-nitrophenyl octanoate; 4-NPD—
4-nitrophenyl decanoate; 4-NPP—4-nitrophenyl palmitate. The assay reaction was carried out with a
1 mM concentration of each substrate, and the reaction proceeded for 20 min at 40 ◦C. Absorbance
readings were taken at 410 nm at 1 min intervals. Each bar represents activity on each substrate, n = 3
and the error bar corresponds to the standard error of the mean (SEM).

2.3. Biochemical Properties

The biochemical properties of BaAXE were investigated in assays with 4-NPA as the
substrate. BaAXE showed optimal activity at pH 8 and 40 ◦C. The km, kcat, and kcat/km
(catalytic efficiency) values were calculated as 0.43 mM, 122.4 s−1, and 282 mM−1 s−1,
respectively. A thermostability assay showed that the BaAXE retained around 40% activity
after incubating the enzyme for 2 h at 40–100 ◦C but showed no clear activity at acidic
pHs. At pH 7 and 9, BaAXE retained over 80% activity after incubating the enzyme for
4 h (Figure 5).
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We investigated the effect of organic solvents and additives on enzyme activity. 
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Figure 5. Biochemical properties. The biochemical properties of BaAXE were determined in assays
with 4-NPA. (A) The optimal temperature was determined in assays performed at different tempera-
tures: 20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C. (B) Thermostability assay determined after incubating the
enzyme for 2 h at different temperatures. (C) The optimal pH was determined in assays performed at
different pHs at the optimal temperature. (D) pH stability was determined after incubation of the
enzyme for 4 h at 20 ◦C. After 2 h of incubation, residual activity was determined, and after 4 h, the
residual activity was determined. Absorbance readings were measured at 410 nm. Assay without the
enzyme was used as blank. Assays were performed in triplicate, and error bars correspond to SEM.

We investigated the effect of organic solvents and additives on enzyme activity. BaAXE
was not severely impacted by organic solvents at 20% (v/v) retaining over 60% activity in
most of the solvents tested after a 17 h incubation. None of the metal ions tested severely
impacted its activity, as the enzyme retained over 40% activity after incubation in a 1 mM
concentration of the metal salt. The activity of the enzyme was severely impacted when
incubated with 1% SDS, retaining only 5% activity after incubation (Figure 6).

2.4. Functional Characterisation

BaAXE was assayed on various substrates to investigate the functional characteri-
zation of the enzyme. The enzyme showed no activity on the α-L-arabinofuranosidase
substrate—4-nitrophenyl arabinofuranoside, and no activity was detected on ferulic es-
terase substrates—chromogenic acid and benzyl cinnamate. Furthermore, the enzyme
was tested for methylesterase activity and showed no activity on pectin substrate (poly-D-
galacturonic acid methyl ester). However, the enzyme released acetic acid from acetylated
monosaccharaides and acetylated xylooligosaccharides (Figure 7).
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Figure 6. Inhibition by organic solvents and additives. The enzyme was assayed in the presence of
(A) 20% selected organic solvent and (B) 1 mM metal ion, 1% DTT, and 1% SDS. Reactions proceeded
for 10 min, and absorbance reading was measured at 410 nm. Assays were performed in triplicate,
and error bars correspond to SEM. Relative activity was determined relative to a control reaction
lacking any additive or organic solvent. DCM—dichloromethane, PET—petroleum ether.
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Figure 7. Acetic acid release. The activity of the enzyme on acetylated monosaccharides and
xylooligosaccharides was determined by the hydrolytic release of acetic acid from these substrates.
Acetic acid release was measured with GC–MS after incubating the enzyme with birchwood xylan
(partially acetylated) (A) and β-D-glucosepentaacetate (G). The acetic acid release was estimated from
an acetic acid standard plot.

3. Discussion

The recalcitrance of biomass is a major obstacle to harnessing its full potential. Reduc-
ing acetylation is a promising approach to reducing recalcitrancy in LCB, allowing for the
sustainable production of chemicals and fuels [38]. Here, we reported the characterisation
of a novel acetyl xylan esterase (designated as BaAXE), which was previously annotated as
Gene_id_40363 in the metagenomic library of the gut microbiota of the common black slug.
Carboxylesterases are enzymes distinguished by the α/β-hydrolase fold containing the
Ser-His-Asp catalytic triad with serine residue as the nucleophile. Acetyl xylan esterases
are carboxylesterases known to hydrolyse ester linkages in acetylated xylan to liberate
acetic acid. Hence, they are important auxiliary enzyme components for the degradation
of LCB [39].

The translated nucleotide sequence matched functions described as predicted hydro-
lase and shared 92% sequence similarity with an uncharacterised esterase from Buttiauxella
agrestis. BaAXE was shown through multiple sequence alignment to contain the GFSQG
motif around the active site serine. Acetyl xylan esterases are reported as serine-type es-
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terases but might differ in the residues surrounding the active site serine [40]. However,
BaAXE shares low sequence similarity among characterised carbohydrate esterase (CE)
with 3D structures submitted in PDB but was assigned to the abhydrolase_2 (pfam02230)
family, consisting of both phospholipases and carboxylesterases that have broad substrate
specificity and are structurally related to the α/beta hydrolases (pfam00561). Furthermore,
in the metagenomic library in which it was identified, it was designated as a member of the
CE1 family, which consists of over 5000 entries and 11 characterised proteins. Characterized
proteins in this family are AXEs from fungal sources, and no AXE from bacteria has been
reported in this family. Hence, BaAXE is likely the first characterized AXE from the CE1
family. Enzymes from bacterial sources have several advantages over enzymes from fungal
sources; for example, bacteria exist almost everywhere, are highly adaptable, and are easier
to genetically modify [8]. Hydrolases of utmost importance are classed as lipases (triacyl-
glycerol hydrolases) and esterases (carboxyl ester hydrolases). Carboxylester hydrolases,
such as pectin methylesterases, acetyl xylan esterase, and feruloyl esterase, are known to
act on plant cell wall polysaccharides [41]. The homology three-dimensional (3D) model
of BaAXE confirms the presence of the canonical α/β hydrolase fold of the abhydrolase
family and the presence of the active site residues S111, D159, and H191, also referred to
as the catalytic triad [42]. The crystal structure of a carboxylesterase from Pseudomonas
fluorescens showed the α/β hydrolase fold containing the Ser-His-Asp catalytic triad, and
the active site clefts were relatively open—solvent-exposed—similar to our deduction from
the 3D homology model of BaAXE [43]. Lipases are distinguished from esterase by the
occurrence of interfacial activation, which is due to the lid domain covering the active sites
of lipases. This domain is lacking in BaAXE, as observed in the modelled structure; hence,
BaAXE is likely to be identified as an esterase [44,45].

The recombinant enzyme BaAXE showed clear activity toward C2 and C4 acyl chain
substrates and was inactive on longer chain acyl chains (C > 6), confirming its classification
as an esterase and not a lipase. Carboxylesterases are known to catalyse the hydrolysis of
short-chain aliphatic and aromatic esters with broad specificity [46]. Furthermore, BaAXE
did not exhibit FAE activity or methyl esterase activity but released acetic acid from
acetylated monosaccharides and xylooligosaccharides, confirming its acetyl xylan esterase
classification. An acetyl xylan esterase from Aspergillus oryzae, designated as AoAXEC,
released acetic acid from wheat arabinoxylan but was inactive on methyl esters of ferulic,
ρ-coumaric, caffeic, or sinapic acids [28]. To investigate the biochemical activity of BaAXE,
we assayed the pH and temperature profile of the enzyme using 4-nitrophenyl acetate as
the substrate. The recombinant enzyme showed optimum activity at pH 8.0 and 40 ◦C
which is similar to previously characterised acetyl xylan esterases (Table 2). Most notably,
the enzyme showed interesting thermostability, retaining more than 40% residual activity
after incubation at 40 ◦C–100 ◦C for 2 h. Most characterised AXEs did not show activity
at acidic pHs (2–5) and showed an optimal pH in an alkaline range (7.5–8.5). BaAXE
retained over 80% residual activity after incubation at pH 7–9 for 4 h. This is an interesting
characteristic, as stability in alkaline environments is of interest in several bio-industrial
applications, especially in direct applications in alkaline-pretreated biomass [47]. A novel
acetyl xylan esterase from Flavobacterium johnsoniae (FjoAcXE) showed similar biochemical
properties to BaAXE; however, FjoAcXE had no residual activity after 5 min of incubation at
60 ◦C [35]. Most of the characterised AXEs are thermolabile, especially when incubated at
over 60 ◦C (Table 2). BaAXE obeyed the classical Michaelis–Menten kinetics, reporting a Km
value of 0.4 mM and Kcat value of 122.4 s−1. This property of BaAXE further supports its
classification as an esterase, as lipases do not obey the classical Michaelis–Menten kinetics
and require only a minimum substrate concentration before activity is observed [42].

We reported the biochemical and functional characterisation of a novel acetyl xylan
esterase that was not previously classified in the six families of AXEs in the ESTHER
database [28]. However, the functional characterisation of BaAXE reported here strongly
recommends its assignment into one of the nine AXE families in the CAZy database [48].
Harnessing the unique properties of BaAXE, most notably its stability in a wide range of
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temperatures and stability at an alkaline pH, would benefit industrial applications. BaAXE
liberated acetic acid from xylan (birchwood, partially acetylated) and β-D-glucopyranose
pentaacetate, indicating that BaAXE is capable of deacetylation at various acetyl substitu-
tions. Cell wall polysaccharides are either mono- or di-acetylated, and the positions of these
acetylations vary among cell wall polysaccharides. Acetylation in xylan usually occurs at
position O-2 or O-3, and a xylopyranose may be acetylated at position O-3 [49]. It would be
interesting to investigate the synergetic activity of BaAXE with xylanases. The simultaneous
treatment of AXE from Lactobacillus antri with xylanase showed a 1.44-fold increase in the
degradation of beechwood xylan compared with xylanase treatment alone [40]. Further-
more, carboxylesterases have been implicated in the biosynthesis of compounds and the
resolution of racemic mixtures [41]. It would be interesting to investigate the stereospecific
synthetic ability of BaAXE, notably the synthesis of platform chemicals (such as muconic
acid) from lignocellulose substrates [50], as well as the deacetylation prospects of BaAXE on
non-xylooligosaccharide substrates, such as polyvinyl acetate [51]. CE1 enzymes have been
described with functions relating to the degradation of natural polyesters, such as poly
3-hydroxybutyrate (PHB) depolymerase, and esterases have been implicated as promising
candidates for the degradation of polyester-based plastics [52]. It would be informative to
explore other applications of this enzyme, as BaAXE promises to be a promising candidate
in developing an enzyme consortium targeting the complete degradation of lignocellulose
biomass and the development of novel chemicals.

Table 2. Characteristics of acetyl xylan esterases.

Protein
Designation Source Organism Temp.

Opt. pH Opt. Temp. Stability Reference

axeA Aspergillus awamori - 7 Enzyme activity decreased at
temperatures higher than 40 ◦C. [53]

axeA Aspergillus ficuum 40 ◦C 7 Thermal stability decreased at
temperatures above 40 ◦C. [54]

rAoAXE Aspergillus oryzae 45 ◦C 6
Unstable at 40 degrees Celsius, with a
half-life of less than 60 min at 40 ◦C

and 10 min at 50 ◦C
[55]

AXE Bacillus pumilus PS213 55 ◦C 8

Stable at 50 ◦C but rapidly
inactivated at a temperature higher
than 60 ◦C, with a half-life of about

1 h at this temperature

[56]

TM0077 Thermotoga maritima 100 ◦C 7.5 Unstable at 100 ◦C with a half-life
of <5 min. [57]

AxeA Thermotoga maritima 90 ◦C 6.5 Retained over 60% residual activity
after 8 h incubation at 98 ◦C [58]

AXE Ochrovirga pacifica 50 ◦C 8 Maintained over 70% residual activity
after incubation at 55 ◦C for 120 min [25]

rAoAXEC Aspergillus oryzae 50 ◦C 7
Stable up to 50 ◦C, with a half-life of

approximately 2 h at 50 ◦C and
40 min at 60 ◦C

[28]

LaAXE Lactobacillus antri 50 ◦C 7 At 70 ◦C, the residual activity
decreased to 48.4% [40]

AXE1 Thermoanaerobacterium sp. 80 ◦C 7 At 75 ◦C, the enzyme showed a
half-life of 1 h. [59]

4. Materials and Methods
4.1. Materials

The slug gut metagenome DNA was provided by Dr Natalie Ferry, University of Salford,
Manchester, United Kingdom. The substrates—4-nitrophenyl acetate, 4-nitrophenyl bu-
tyrate, 4-nitrophenyl octanoate, 4-nitrophenyl decanoate, and 4-nitrophenyl palmitate, β-D-
glucose pentaacetate, pectin, chlorogenic acid, benzyl cinnamate, and 4-methylumbelliferyl
acetate—were purchased from Sigma-Aldrich (Gillingham, United Kingdom). Xylan (birch-
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wood, partially acetylated) was purchased from Megazyme (Wicklow, Ireland). Other
chemicals were of molecular grade and purchased from Sigma-Aldrich (Gillingham, United
Kingdom). Primers for PCR were synthesised and sequenced by Eurofins (Konstanz, Ger-
many). BL21 and TOP10 competent cells were purchased from ThermoFisher Scientific
(Leicester, United Kingdom).

4.2. Methods
4.2.1. Bioinformatics

The output of the functional metagenomic screening of the slug gut microbiota was
in the format of a translated nucleotide sequence in FASTA format (http://www.ebi.ac.
uk/ena/data/view/PRJEB21599, accessed on 25 January 2022). The amino acid sequence
identified in the metagenomic library as Gene_id_40363 was selected for characterisation.
To verify the putative protein function, the amino acid sequence was used to query the non-
redundant protein sequence database using the default algorithm for the BLASTp program
hosted on the NCBI website (https://www.ncbi.nlm.nih.gov/, accessed on 10 March 2022).
Amino acid sequences selected for phylogenetic tree construction were aligned with MUS-
CLE (Codons) available in MEGA software (version X) [60] using the default algorithm,
and the UPGMA (unweighted pair group method) was selected as the cluster method. The
amino acid sequences of proteins that had been previously functionally characterised with
available 3D models in PDB (as reported in the CAZy database) were selected for construct-
ing the phylogenetic tree. Tree construction and phylogenetic analysis were performed in
MEGA software (version X) [60] with the neighbour-joining method and the Poisson model.
Trees were validated with the bootstrapping method using 1000 Bootstrap replications [61].

The annotation of protein features was achieved with Multiple Sequence Alignment
(MSA). Multiple sequence alignment was performed with ClustalO hosted on the EMBL-
EBI website using the default algorithm (https://www.ebi.ac.uk/Tools/, accessed on
10 March 2022). The amino acid sequence of Gene_id_40363 was aligned with the amino
acid sequence of the top hit protein when queried against the swissprot database and
closely related proteins identified from the constructed phylogenetic tree [25]. The anno-
tation and display of the sequence alignment were performed in GeneDoc (version 2.7).
The molecular weight and isoelectric point (pI) of proteins were determined using the
ProtParam tool available on ExPASy (https://web.expasy.org/protparam/, accessed on
15 March 2022). The three-dimensional (3D) model of Gene_id_40363 was generated with
homology modelling performed in Iterative Threading ASSEmbly Refinement (I-TASSER;
https://zhanglab.ccmb.med.umich.edu/I-TASSER, accessed on 15 March 2022) using mul-
tiple sequences of crystalised proteins as a template [61,62]. The modelled structure was
validated based on the C-score (confidence score), TM-score (template modelling score), and
RMSD (root-mean-square deviation), as previously described [62]. The final protein model
was visualised and annotated in PyMOL version 2.0 (Schrodinger New York, NY, USA).

4.2.2. Amplification, Cloning, and Bacterial Transformation

Gene_id_40363 was amplified from the slug’s gut metagenomic DNA using gene-
specific primers—FP: CACCATGAAACATGACCAC, RP: GCCTCATCGAAATAGTGC—
and the following PCR conditions: initial denaturation at 98 ◦C for 1 min; 35 cycles of
denaturation at 98 ◦C for 40 s, an annealing temperature of 61 ◦C for 30 s, and extension for
19 s at 72 ◦C; and a final extension time of 10 min. PCR amplification was conducted with
a high-fidelity thermostable DNA polymerase Q5 (NEB, Hitchin, UK) in a 25 µL reaction
containing 12.5 µL of Q5 Hi-Fidelity 2X Master Mix, 1.25 µL of (10 µM forward and 10 µM
reverse primers), and ~60 ng of template DNA.

The PCR-amplified product (654 bp) was cloned into an entry vector pENTR/SD/D/TOPO
(ThermoFischer Scientific Leicester, UK) following the manufacturer’s protocol. To generate the
recombinant expression vector (Figure 8), pENTR: Gene_id_40363 was recombined with the des-
tination vector pDEST42 (ThermoFischer Scientific, Leicester, UK) following the manufacturer’s
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protocol. The recombinant expression vector was used to transform Escherichia coli (E. coli) DE3
cells. The desired transformant was screened with restriction digest and sequencing.
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4.2.3. Protein Expression and Purification

Recombinant plasmid (pDEST42-Gene_id_40363) was used to transform E. coli BL21
(DE3) cells for recombinant protein expression with IPTG induction. Transformed cells
were grown to an OD600 of 0.5 before induction with 0.6 mM IPTG. Protein expression
was allowed for 6 h at 30 ◦C with shaking at 225× g. Cells pellets were harvested by
centrifugation at 100× g for 10 min at 4 ◦C. Cell pellets were lysed in a lysis buffer (50 mM
sodium phosphate, 150 mM NaCl, 0.1% triton x-100, and 10 mM imidazole) for 30 min at
4 ◦C. After cell lysis, the soluble fraction was recovered by centrifugation at 4600 rpm for
15 min at 4 ◦C. The recombinant His-tagged protein was purified with a His GraviTrap
TALON gravity flow column charged with cobalt ions, following the manufacturer’s
protocol (Cytiva, Sheffield, United Kingdom). The elution step was performed with a
gradient imidazole concentration (30 mM–150 mM imidazole). Imidazole and excess salt
were dialysed out using SnakeSkin dialysis tubing following the manufacturer’s protocol
(ThermoFisher Scientific Leicester, UK). The purified protein was concentrated using the
Amicon ultra centrifugal filter unit (10 kDa cut-off, Millipore, Watford, UK).

4.2.4. Enzyme Assay and Biochemical Properties

The purified and concentrated recombinant protein was assayed for activity using
synthetic substrates. Esterase activity was determined spectrophotometrically with 4-
nitrophenyl acetate (4-NPA) as the substrate. The assay reaction contained 50 mM sodium
phosphate, pH 7.5; 150 mM NaCl; and 0.01% triton x-100. A stock solution (250 mM) of the
substrate was prepared in dichloromethane, and a final concentration of 1 mM substrate
in 100 µL was used in the assay. The enzyme reaction was initiated by adding a properly
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diluted enzyme solution (3–5 µg). The enzyme reaction was performed at 40 ◦C, and
the absorbance measurement was monitored every minute for 15 min at 410 nm using a
Varioskan LUX Multimode Microplate Reader (ThermoFischer Scientific, Leicester, UK).
The background hydrolysis of the substrate was subtracted by performing a blank reaction
without the enzyme. One unit of enzymatic activity was defined as the amount of the
protein releasing 1 µmol of 4-nitrophenol per minute at the assay conditions described.

4.2.5. Biochemical Properties

The enzyme’s temperature profile was determined in an assay with a 1 mM concentra-
tion of 4-NPA as described above at varying temperatures. The pH profile was determined
at the optimum temperature under various experimental pHs. pH 3 and 4 were prepared in
sodium citrate buffer, pH 5 and 6 were prepared in Hepes buffer, pH 7 and 8 were prepared
in sodium phosphate buffer, and pH 9 and 10 were prepared in glycine NaOH buffer. The
assay was performed for 10 min, and activity was expressed as the percentage relative
activity with respect to the maximum activity. The enzyme kinetics assay was carried out
at pH 8 using 4-NPA at concentrations from 0.1 mM to 2 mM. The kinetic parameters—Km
and Vmax—were calculated by a nonlinear regression fit based on the Michaelis–Menten
model using GraphPad Prism 9 [62,63].

4.2.6. Thermostability

The thermal stability and pH stability were determined as described by Razeq et al.
(2018). For temperature stability, 4 µg of enzyme in 50 mM sodium phosphate (pH 7.0)—
final volume of 40 µL—was incubated at 20 ◦C, 30 ◦C, 40 ◦C, and 50 ◦C for 2 h. After
incubation, the enzyme was ice-cooled for 5 min before the residual activity was determined
in the standard assay with 4-NPA.

4.2.7. Effect of Organic Solvents and Additives

The effect of organic solvents on enzyme activity was assayed by incubating 4 µg
of the enzyme in 20% concentrations of various organic solvents for 17 h at 4 ◦C. The
residual activity was determined in a standard assay with 1 mM 4-NPA. Residual activity
is expressed as a percentage relative to a control (assay without organic solvent addition)
set at 100%.

The effect of additives, such as detergents and divalent ions, was determined. The
effect of metal ions was determined in reactions with 1 mM 4-NPA as the substrate. The reac-
tion mixture contained a 1mM concentration of the following metal ions: Ca2+, Co2+, Cu2+,
Fe3+, Mg2+, and Zn2+ (all as chloride salts). The effect of other additives was determined
by the addition of 20 mM EDTA, 1% Triton x-100, 1% tween-20, 1% (w/v) dithiothreitol
(DTT), and 1% (w/v) SDS. The residual activity was determined in a standard assay with
1 mM 4-NPA.

4.2.8. Acyl Chain Substrate

The substrate specificity of Gene_id_40363 was determined by assaying its activity
on various 4-NP alkyl esters—4-nitrophenyl acetate, 4-nitrophenyl butyrate (4-NPB), 4-
nitrophenyl octanoate (4-NPO), 4-nitrophenyl decanoate, and 4-nitrophenyl palmitate
(4-NPP). The final concentration of the substrate in each assay was 1 mM. Reactions were
performed in 50 mM sodium phosphate, as described in Section 4.2.4, and initiated by
adding 4 µg of protein. The reaction was allowed for 15 min, and the reaction without the
enzyme was used as a blank.

4.2.9. 4-Methylumberiferyl Acetate (4-MUA)

The activity of Gene_id_40363 was assayed on 4-methylumberiferyl acetate (4-MUA).
The reaction mixture contained 50 mM sodium phosphate (pH 8.0) and 1 mM 4-MUA
dissolved in DMSO. The assay was initiated by adding 4 µg of protein in a total reaction
volume of 200 µL. The release of 4-umberiferinone was monitored by reading the fluores-
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cence (excitation/emission 340/520) using a Varioskan LUX Multimode Microplate Reader
(ThermoFischer Scientific, Leicester, UK). The assay reaction was incubated at 40 ◦C, and
readings were taken every 1 min for 30 min. Reaction without the enzyme was used as
blank. One unit of enzymatic activity was defined as the amount of the protein releasing
1 µmol of 4-methylumbelliferone per minute at the assay conditions described.

4.2.10. Hydrocinnamate Substrates

The activity of Gene_id_40363 towards hydrocinnamate substrates (chlorogenic acid and
Benzyl cinnamate) was assayed as previously described [47]. The substrates were solved in
DMSO, and the assay was initiated with 4 µg of purified protein. The decrease in substrate
concentration was spectrophotometrically quantified following absorbance at 340 nm. The
assay was quantified with reference to a standard curve. One unit of enzyme is defined as the
amount of enzyme releasing 1 µg of substrate in 1 min under the assay conditions.

4.2.11. Acetic Acid Release from Acetylated Substrates

The activity of Gene_id_40363 was assayed on acetylated xylan (Figure 9) and β-
D-glucose pentaacetate. Acetylated xylan (1%) or β-D-glucose pentaacetate (0.1%) was
incubated with 4 µg of enzyme at 40 ◦C for 10 min. After incubation, the reaction was equi-
librated 1:1 (v/v) with acetonitrile. Acetic acid release was analysed with GC–MS (59778B
GC/MSD, 8860 GC system, Agilent technologies, Cheadle, UK). The samples were run
for 20 min using an Agilent 19091s-433UI HP-5ms Ultra Inert (30 m × 250 µm × 0.25 µm)
column. The MS parameters were set as follows: ion source—EI, source temperature—
230 ◦C, quad temperature–150 ◦C, fixed electron energy—70 eV, solvent delay—2 min. The
acquisition was set to scan a mass range of 40–200. The method report for the MS run is
reported in the Supplementary Materials section (Figure S2). Reaction mixtures without
the enzymes were used as a negative control. Acetic acid content was quantified using the
abundance data from various concentrations of acetic acid standards.
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Abstract: Geopolymers have high early strength, fast hardening speed and wide sources of raw
materials, and have good durability properties such as high temperature resistance and corrosion
resistance. On the other hand, there are abundant sources of plant or cellulose fibers, and it has the
advantages of having a low cost, a light weight, strong adhesion and biodegradability. In this context,
the geopolymer sector is considering cellulose fibers as a sustainable reinforcement for developing
composites. Cellulosic-fiber-reinforced geopolymer composites have broad development prospects.
This paper presents a review of the literature research on the durability of cellulosic-fiber-reinforced
geopolymer composites in recent years. In this paper, the typical properties of cellulose fibers are
summarized, and the polymerization mechanism of geopolymers is briefly discussed. The factors
influencing the durability of cellulosic-fiber-reinforced geopolymer composites were summarized and
analyzed, including the degradation of fibers in a geopolymer matrix, the toughness of fiber against
matrix cracking, the acid resistance, and resistance to chloride ion penetration, high temperature
resistance, etc. Finally, the influence of nanomaterials on the properties of geopolymer composites
and the chemical modification of fibers are analyzed, and the research on cellulosic-fiber-reinforced
geopolymer composites is summarized.

Keywords: cellulose fiber; plant fiber; geopolymer composites; durability; alkaline degradation;
acid resistance

1. Introduction

Geopolymer is a kind of inorganic silico-aluminum cementitious material with a spa-
tial structure prepared by the reaction of active low-calcium silico-alumina material with
an alkaline activator, with a three-dimensional network composed of SiO4 and AlO4 tetra-
hedral unit structure. The synthesis of geopolymers requires active solid aluminosilicates
and alkaline solutions containing alkali metals and silicates. Among them, the alkaline
solution acts as a binder, alkali activator and dispersant [1]. Compared to cement-based
composites, geopolymers have the advantages of a high early strength, fast hardening
speed and wide range of raw materials [2]. Geopolymers have lower energy consumption
and less pollutants in the production process, and they are considered to be the material
with the highest potential to replace cement [3–5]. The concept of geopolymers was origi-
nally proposed to describe the inorganic aluminosilicate polymers synthesized with natural
materials by French scientist Davidovits in 1978 [6]. His team used alkali metal silicate
solutions to stimulate geological minerals to form polymeric aluminum silicate materials
under strong alkaline conditions [7]. Subsequently, other solid silicate raw materials in-
cluding fly ash [8,9], pozzolan [10], ground blast furnace slag [11] and other wastes [12–14]
successfully prepared geopolymers.

Traditional cement-based composites have poor durability such as high temperature
resistance and corrosion resistance. Geopolymer composites overcome this shortcoming
well [15]. However, geopolymers are similar to ceramics, their flexural strength and tensile
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strength are poor, and they are very sensitive to microcracks. In order to solve the prob-
lem of the brittleness of geopolymers, the toughness of composites can be improved by
incorporating fibers. Adding fibers to the geopolymer can limit the growth of cracks, and
at the same time can enhance the ductility, toughness and tensile strength of the geopoly-
mer [16,17]. In recent years, many scholars have conducted research on the durability
of geopolymers. This type of research mostly focuses on the durability of geopolymers
such as sulfate resistance, freeze-thaw, weathering, water absorption, abrasion resistance,
alternating wet and dry effects, and chloride ion resistance [18,19]. By adjusting the ratio
of silicon to aluminum, alkaline solution, curing conditions, and adding fibers, rice husk
ash, etc., the mechanical properties and durability of the composites are improved. The
presence of fibers improves the bending strength and fracture behavior of the material and
promotes the toughening mechanism of the material. Fiber-reinforced geopolymers have
better durability than cement-based materials of the same grade [20].

At present, the fibers used in composites mainly include natural fibers, metal fibers [21,22],
inorganic fibers [23–25] and synthetic fibers [26–28]. Among them, there are many studies on
synthetic-fiber-reinforced geopolymers, such as polyvinyl alcohol (PVA), polypropylene (PP),
etc., but their production process pollutes the environment and faces difficulties in meeting
the requirements of sustainable development [29,30]. Among natural fibers, plant or cellulose
fibers (CFs) are most commonly used. Plant fiber is also called natural cellulosic fiber. It has
the advantages of having a low cost, a light weight, strong adhesion, simple manufacturing
process and biodegradability, which attract more and more scholars’ attentions [31–33].

In recent years, fiber-reinforced geopolymers have been studied from different perspec-
tives. The effects of different types of fibers on the enhanced performance of geopolymer,
and of cellulose fiber fabrics on the properties of cementitious composites and geopolymers
were studied [34,35]. At present, there is no special review on the durability of plant- or
cellulosic-fiber-reinforced geopolymer composites (CFGCs). The paper presents a review
of the literature research on the durability of CFGCs for the past few years, and briefly
summarizes the polymerization mechanism of geopolymers. Then, according to the perfor-
mance characteristics of CFs, the factors that affect the durability of CFGCs are summarized
and analyzed, including the degradation of CFs in the geopolymer matrix, the toughness
of CF against matrix cracking, and the performance of acid resistance, anti-chloride ion
penetration, high temperature resistance and so on. Finally, the addition of nanomaterials
and the chemical modification of CFs affecting geopolymer composites are analyzed. How-
ever, there are few research cases about the freezing-thawing resistance and carbonization
resistance of CFGCs, so this paper does not carry out in-depth discussion on relevant issues,
and further relevant studies are needed in the future.

2. Typical Properties of CFs

CF is one of the most abundant natural resources in the world, and it is widely found
in agricultural residues, such as rice straw, rice husk, maize straw, bagasse, wood shavings,
wood chips, bamboo chips, etc. These agricultural residues are mainly composed of
cellulose, hemicellulose, lignin, pectin, wax and some water-soluble materials. Cellulose is
the most important component of CF, and its chemical formula is (C6H10O5)n. Cellulose is
a macromolecular polysaccharide composed of glucose, which is a straight-chain polymer
formed by linking countless D-glucopyranose anhydrides with β(1–4) glycosides, and its
structure is regular and unbranched. Cellulose has a large number of hydroxyl groups on
the molecular chain, which promote the formation of intramolecular and intermolecular
hydrogen bonds [31]. CFs commonly used for geopolymer reinforcement include bast
fibers, leaf fibers, stem fibers, etc. [35,36], as shown in Figure 1.
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It can be seen from Table 1 that the density of CFs is roughly similar, with little differ-
ence, between 1.1 and 1.6 g·cm−3. The density of bast fiber is basically about 1.5 g·cm−3,
its tensile strength is relatively large, and the tensile strength of fruit coconut husk fiber is
relatively small.

Table 1. Mechanical properties of typical fibers.

Fiber
Type Fiber Name Density/

(g cm−3)
Tensile

Strength/MPa
Specific

Strength/(S ρ−1)

Tensile
Modu-

lus/GPa

Specific
Modulus/(E

ρ−1)

Elongation
at Break/% Ref.

Bast

Flax 1.5 800–1500 535–1000 27.6–80 18.4–53 1.2–3.2 [37]
Hemp 1.48 550–900 372–608 70 47.3 2–4 [38]

Jute 1.46 393–800 269–548 10–30 6.85–20.6 1.5–1.8 [39]
Kenaf 1.45 930 641 53 36.55 1. 6 [40]
Ramie 1.5 220–938 147–625 44–128 29.3–85 2–3.8 [41]

Leaf

Abaca 1.5 400 267 12 8 3–10 [42]
Sisal 1.45 530–640 366–441 9.4–22 6.5–15.2 3–7 [41]

Banana Leaf 1.35 600 444 17.85 13.2 3.36 [41]
Coconut leaf 1.15 500 435 2. 5 2.17 20 [43]

Seed cotton 1.6 287–597 179–373 5.5–12.6 3.44–7.9 7–8 [43]

Grass bamboo 1.1 500 454 35.91 32.6 1.4 [43]

Fruit Coconut shell 1.2 175 146 4–6 3.3–5 30 [41]

Wood Soft wood 1.5 1000 667 40 26.67 4.4 [43]

3. Fiber-Reinforced Geopolymer Composites

Geopolymers can be prepared in two ways: alkali excitation and acid excitation.
According to the different active raw materials, alkali excitation methods are mainly divided
into alkali-silicate glass body cementing materials and alkali-silicate mineral cementing
materials. Alkali-silicate glass body cementing materials mainly use amorphous silicate
glass bodies as raw materials, such as slag, fly ash, various metallurgical slags, coal gangue,
etc., and the main raw alkali-silicate mineral cementing material is a crystalline mineral,
such as clay, feldspar and other tailings.

3.1. The Polymerization Mechanism of Geopolymer

Under the condition of strong alkali, the silicon-oxygen bonds and aluminum-oxygen
bonds of active materials such as kaolin are broken to form oligomers of polymer monomers,
namely oligomeric silicon-oxygen tetrahedra and aluminum-oxygen tetrahedra. Under
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the same conditions, oligomeric silicon-oxygen tetrahedrons and aluminum-oxygen tetra-
hedrons are dehydrated and polymerized to form geopolymers with a three-dimensional
network structure in space [44]. It is generally believed that the reaction of geopolymers
can be divided into four processes: dissolution, diffusion, polymerization and solidification.
Using metakaolin as the active material and (NaOH) or (KOH) as the alkali activator, the
reaction mechanism of the resulting geopolymer is shown in Figure 2 [45,46].

Molecules 2022, 27, 796 4 of 24 
 

 

3.1. The Polymerization Mechanism of Geopolymer 
Under the condition of strong alkali, the silicon-oxygen bonds and aluminum-oxygen 

bonds of active materials such as kaolin are broken to form oligomers of polymer 
monomers, namely oligomeric silicon-oxygen tetrahedra and aluminum-oxygen 
tetrahedra. Under the same conditions, oligomeric silicon-oxygen tetrahedrons and 
aluminum-oxygen tetrahedrons are dehydrated and polymerized to form geopolymers 
with a three-dimensional network structure in space [44]. It is generally believed that the 
reaction of geopolymers can be divided into four processes: dissolution, diffusion, 
polymerization and solidification. Using metakaolin as the active material and (NaOH) or 
(KOH) as the alkali activator, the reaction mechanism of the resulting geopolymer is 
shown in Figure 2 [45,46]. 

 
Figure 2. Hydrolysis and polycondensation of aluminum-silicate precursors and formation of 
geopolymers. 

It can be seen from Figure 2 that the aluminosilicate raw materials (precursors) 
gradually dissolve in (NaOH) or (KOH) alkali activator, producing a large amount of 
silicon and aluminum monomers. These monomers gradually diffuse in the solution from 
the surface to the inside, and quickly undergo a polycondensation reaction to form 
silico−alumina oligomers. The oligomer gel phase solidifies and hardens to form 
geopolymers. 

3.2. Fiber Matrix Interface Bonding Mechanisms 
A geopolymer composite is composed of fiber and a matrix with different properties, 

and the interface between the fiber and matrix is formed. The interface of the composite 
includes the geometric surface of the matrix and the fiber in contact with each other and 
the transition area, which is an extremely complex microstructure. Adjusting the bonding 
state of the fiber and the matrix interface, and optimizing the characteristics of the 
interface layer between the fiber and the matrix can make the geopolymer composites 
achieve the best performance. Improving the interfacial adhesion between the fiber 
reinforcement and the matrix is the most critical factor in the interface control technology 
of composites. The bonding forms of the fiber and matrix interface generally include 
interdiffusion, electrostatic adhesion, chemical bonding and mechanical interlocking 
[46,47]. According to the microscopic morphology of the bonding of fibers and 
geopolymers, the interface bonding is usually mainly in the form of mechanical 
interlocking. 

4. Research Status of the Durability of CFGCs 
Durability refers to the ability of a material to resist the long-term destructive effects 

of both itself and the natural environment. Generally, the better the durability of a 
material, the longer its service life will be [48,49]. At present, scholars have conducted a 
lot of research on the properties of CFGCs, such as crack resistance, acid corrosion 
resistance, chloride ion penetration resistance, dry and wet cycle, and high temperature 

Figure 2. Hydrolysis and polycondensation of aluminum-silicate precursors and formation
of geopolymers.

It can be seen from Figure 2 that the aluminosilicate raw materials (precursors) gradu-
ally dissolve in (NaOH) or (KOH) alkali activator, producing a large amount of silicon and
aluminum monomers. These monomers gradually diffuse in the solution from the surface
to the inside, and quickly undergo a polycondensation reaction to form silico−alumina
oligomers. The oligomer gel phase solidifies and hardens to form geopolymers.

3.2. Fiber Matrix Interface Bonding Mechanisms

A geopolymer composite is composed of fiber and a matrix with different properties,
and the interface between the fiber and matrix is formed. The interface of the composite
includes the geometric surface of the matrix and the fiber in contact with each other and
the transition area, which is an extremely complex microstructure. Adjusting the bonding
state of the fiber and the matrix interface, and optimizing the characteristics of the interface
layer between the fiber and the matrix can make the geopolymer composites achieve the
best performance. Improving the interfacial adhesion between the fiber reinforcement and
the matrix is the most critical factor in the interface control technology of composites. The
bonding forms of the fiber and matrix interface generally include interdiffusion, electro-
static adhesion, chemical bonding and mechanical interlocking [46,47]. According to the
microscopic morphology of the bonding of fibers and geopolymers, the interface bonding
is usually mainly in the form of mechanical interlocking.

4. Research Status of the Durability of CFGCs

Durability refers to the ability of a material to resist the long-term destructive effects
of both itself and the natural environment. Generally, the better the durability of a material,
the longer its service life will be [48,49]. At present, scholars have conducted a lot of
research on the properties of CFGCs, such as crack resistance, acid corrosion resistance,
chloride ion penetration resistance, dry and wet cycle, and high temperature resistance.
Microscopic analysis shows [50] that geopolymers can form an impermeable layer under
the action of fibers, making the geopolymer matrix structure more compact. The good
adhesion between the fiber and the matrix enables the geopolymer composite to prevent
crack propagation, resist freeze-thaw and penetration erosion, and enhance its durability.

4.1. The Alkaline Degradation Mechanism of CFs

The durability of CFGCs involves the durability of the matrix and the durability of the
CFs in the matrix. As we all know, the amorphous components of CFs in cement concrete
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will be degraded to varying degrees in an alkaline environment [36]. Similarly, on the one
hand, the fiber has good compatibility with the polymer matrix, on the other hand, the
fiber in the matrix also degrades [51,52]. First, lignin and part of the hemicellulose were
degraded, and then the hemicellulose was completely degraded, destroying the integrity
and stability of the CF cell wall. This results in the peeling of the cellulosic fiber from the
CF cell wall and the failure of the cellulose fiber, which leads to the complete degradation
of the CF. Due to the alkaline hydrolysis of cellulose fiber chains, hemicellulose and lignin,
the integrity of the fiber and geopolymer matrix interface area is lost, thereby damaging
the mechanical properties and durability of CFGCs.

Geopolymer-based materials composed of cellulose hemicellulose and lignin have
unique microstructures. A total of 5% mass content of cellulose hemicellulose and lignin
could effectively improve the flexural and compressive strength of geopolymer [53]. In fact,
the increase in the content of lignin and hemicellulose leads to the porosity, low density and
brittleness of the composite, which reduces the flexural and compressive strength of the
composite; the alkaline degradation of hemicellulose reduces the degree of polymerization
of the composite. However, as the cellulose content increases, the matrix structure becomes
denser, with fewer pores, and the toughness of the composite increases. The geopolymer
matrix and the cellulose fibers also showed good bonding without significant degradation.

Different types of CFs and different external environmental conditions make the
degree of degradation of cellulosic fibers different, and also have great influence on the
durability of composite materials. The flax-fabric-reinforced composite was immersed
in water, seawater and 5% sodium hydroxide alkaline solution. After aging for one year,
the tensile and bending properties of the composite were tested. The results showed that
the degradation of the composites was most serious in 5% sodium hydroxide alkaline
solution [54]. After impregnating bamboo pulp and nanocellulose fibers with cement
concrete and geopolymer, lignin was removed from the fiber surface, and hemicellulose
and cellulose were degraded to a certain extent. The tensile strength of pulp sheet de-
creased by 70% and 34%, respectively [55]. Due to the inherent properties of CFs, although
geopolymers did not contain calcium hydroxide, the high alkalinity of the slurry also sped
up the degradation process. The mineralization and partial degradation of hemicellulose
of black locust and longleaf acacia grains and bagasse were found in the geopolymers,
indicating that the durability of black locust and longleaf acacia grains in alkaline substrates
deteriorated [56].

Although the degradation degree of CF in the geopolymer matrix is relatively weaker
than that in cement, the degradation of the alkaline matrix of the geopolymer also affects
the durability of CFGC.

4.2. Crack Resistance and Toughness of CFGCs

In recent years, there have been many reports on the physical, thermal and mechanical
properties of CFGCs, but few studies on their durability. The current research on the
durability of geopolymers mainly focuses on the toughening and cracking resistance of
materials, the resistance to sulfate erosion, resistant to high temperatures, chloride ion
corrosion resistance, frost resistance, etc. CFs can inhibit and stabilize the development
of micro-cracks in the geopolymer, which is an effective way to alleviate the performance
degradation of geopolymer composites. As we all know, the durability of geopolymer
composites is closely related to its compactness and crack resistance, and good toughness
helps to improve the durability of geopolymers.

4.2.1. The Effect of Bast Fiber on the Toughness of CFGCs

Most bast fibers have good strength and are widely used in the manufacture of ropes,
twine, packaging materials and industrial thick cloth. Bast fibers mainly include hemp,
flax, jute, ramie and kenaf. Tests show that most bast fibers have a good strengthening and
toughening effect on CFGCs.
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Hemp fiber has a positive effect on the microstructure and fracture structure of the
geopolymers and can effectively improve the mechanical properties of the composites. The
matrix with relatively brittle initial strength shows a higher increase in relative toughness.
Eyerusalem et al. [57] used randomly oriented hemp as a reinforcement fiber and observed
the fiber pulling out after loading, which showed the toughening ability of fiber. The
tensile strength of the composite reinforced by 9% hemp fiber by volume was especially
improved, and its tensile strength was about 5.5 MPa. At the same time, the addition
of hemp fiber also slightly affected the density water absorption, compressive strength
and flexural strength of the composite, but significantly improved the energy absorption
capacity of the composite [58]. With the increase of fiber content, the compressive strength
of the composite decreases continuously, indicating that the fiber distribution in the matrix
becomes more and more uneven.

Bast fibers can change the initial brittle behavior of the geopolymer matrix to make
it a ductile material, and their arrangement direction and treatment mode in the matrix
also affect the toughening effect of composites. Trindade et al. [59] adopted a one-way
and bidirectional arrangement of sisal and jute as reinforcement materials and showed
that the composite material exhibits strain and flexural hardening behavior under tensile
and bending action and produces multiple cracks. Sáez-Pérez et al. [60] found that under
the two experimental conditions of fresh and wet storage for 6 months, similar to other
pretreatment methods to improve the properties of hemp fiber, wet storage caused an
increase in cellulose content and improved the mechanical properties of the geopolymer.
Na et al. [61] soaked alkali-treated Kenaf fiber in 1 mol/L CaCl2 solution, which improved
the compatibility between fiber and matrix, increased the flexural strength by 69.1%, and
increased the toughness by 473%. After loading, the fiber had a typical failure mode
of toughness.

The effects of different content of bast fiber on the properties of the geopolymer
composites are different. Assaedi et al. [62] used flax fiber as reinforcement material to
significantly improve the flexural strength, compressive strength hardness and fracture
toughness of geopolymers.

Figure 3 shows typical stress–strain curves of pure geopolymer and composites with
different fiber content. It can be seen that the composite with a fiber content of 4.1 wt% has
the highest flexural strength among all composites. The flexural strength of the composite
has been increased from 4.5 MPa for pure geopolymer to 23 MPa. It shows that increasing
the content of flax fiber can significantly improve the flexural strength of the composite.

However, the fiber content should not be too high. Korniejenko et al. [63] also showed
that the addition of flax fiber led to the decline of mechanical properties of composite
materials. When flax fiber was added at 8%, the compressive strength of the material
decreased by about 50%. Similarly, the bending strength of the pure geopolymer matrix
was 3.45 MPa, and that of 8% flax-fiber-reinforced composite was 2.13 MPa. The results
show that the fracture toughness of the composite increased the most when the flax fiber
content was 4.1 wt%.

Generally speaking, fiber debonding and bridging slow down the crack propagation
of composites and increase the fracture energy. The fracture toughness of the composite
containing flax fiber is significantly higher than that of pure polymer, and the higher the
fiber content, the higher the fracture toughness. This enhancement is due to the unique
anti-breaking ability of flax fiber, which leads to increased energy dissipation of fiber matrix
interface crack deflection, fiber debonding, fiber bridging, fiber pull-out and fracture, as
shown in Figure 4a–d. It can be seen that the geopolymer adheres to the surface of the
fiber, showing good adhesion between the fiber and the matrix. SEM images show various
toughening mechanisms including crack bridging fiber pulling out and fiber fracture.
Because of the degradation of flax fiber, flax-fiber-reinforced geopolymer exhibits higher
net weight loss than pure geopolymer.

It can be seen that bast fibers have a good toughening effect on CFGCs, which further
reduces the possibility of CFGCs cracking, thus effectively improving their durability.
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4.2.2. The Effect of Leaf Fiber on the Toughness of CFGCs

Leaf fibers are vascular bundle fibers obtained from the leaves of monocotyledonous
plants. There are many varieties of leaf fiber, including raffia fiber, pineapple leaf fiber, sisal
fiber, abaca fiber, agave fiber and so on. Similar to bast fibers, leaf fibers are often used for
CFGCs, among which sisal-fiber-reinforced geopolymers are more studied.

The properties of the composites can be affected by the different content and length
of leaf fiber. Ampol et al. [64] blended sisal fiber and coconut fiber into geopolymers with
volume fractions of 0%, 0.5%, 0.75% and 1.0%, tested the mechanical properties of the
geopolymers, and combined them with glass fiber. The results showed that, compared
with glass fiber, adding sisal fiber and coconut fiber as reinforcement materials significantly
improves the tensile and flexural strength properties. At the same time, the processing
performance, dry density, ultrasonic pulse speed and compressive strength values all have
a tendency to decrease. Zulfiat et al. [65] conducted compressive strength tests on pineapple
fibers with lengths of 10, 20 and 30 mm, and geopolymers with fiber weight percentages
of 0, 0.25 and 0.50%, respectively. The composite with a fiber content of 0.50% and a fiber
length of 30 mm had a compressive strength of 41.468 MPa and a maximum bending
strength of 9.209 MPa. Studies have shown that the compressive strength and flexural
strength of the geopolymer mortar reinforced by 0.5% by mass pineapple fiber is higher
than that of the geopolymer reinforced by 0.25% by mass pineapple fiber.

However, whether it is leaf fiber or bast fiber, the excessive fiber content leads to
the disharmony between the fiber volume and the matrix volume, which reduces the
mechanical properties of the geopolymer, indicating that the appropriate amount of fiber
can improve the mechanical properties of the geopolymer.

4.2.3. The Effect of Seed Fiber on the Toughness of CFGCs

Seed fibers are single-cell fibers grown from epidermal cells of plant seeds. Mainly
include cotton fiber, kapok fiber and so on. Cotton fiber is amongst the most well-known
of CFs. Cotton fiber has unique properties such as high cellulose content, good moisture
absorption, excellent heat resistance, light resistance, alkali resistance and higher break-
ing strength, so it can play an important role in geopolymers. Compared to the pure
geopolymer, the addition of cotton fiber gradually improves the fracture toughness of
the fiber-reinforced geopolymer composite. Cotton fiber has the characteristics of energy
absorption through fiber fracture, fiber matrix interface debonding, fiber pull-out and fiber
bridging, etc., which slow down the propagation of cracks and increase the fracture energy,
thus playing an important role in enhancing the toughness of the matrix [66]. Tests have
shown that the addition of cotton, sisal or coir fiber composites can improve its bending
properties [67].

However, it should be noted that the increase in the volume of the hydrophilic natural
fibers in the geopolymer matrix will adversely affect the strength of the composite. The fly-
ash-based geopolymer composite reinforced with cotton fabric can prevent the cotton fabric
from degrading at high temperatures. When the fabric is arranged in a horizontal direction
with respect to the applied load, it achieves a higher load and greater deformation resistance
than a vertically arranged fabric [68,69]. The results show that cotton fabric orientation
affects the bending strength, compressive strength, hardness and fracture toughness of
geopolymer composites.

4.2.4. The Effect of Fruit Fiber on the Toughness of CFGCs

Fruit fiber refers to fiber obtained from the fruit of a plant. It is mainly composed
of cellulose and associated biomass and intercellular substance, such as coconut fiber.
Kroehong et al. [70] found that the addition of oil palm fiber had a significant impact on the
physical and mechanical properties and microstructure of geopolymer with high calcium fly
ash. The increase of oil palm fiber content reduced the compressive strength of geopolymer
but improved the bending strength and toughness of the material and changed the failure
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behavior of the composite. In addition, with the increase of fiber content, the pore size and
total porosity of the material increased, while the thermal conductivity decreased.

In fact, the strength and deformation curve of the fruit fiber is similar to that of the bast
fiber and generally the strength value of the fruit fiber is lower than that of the bast fiber.
Mazen [71] used loofah fiber as a geopolymer reinforcement material. Compared with pure
geopolymer, the compressive strength of the composite was increased from 13 to 31 MPa,
and the bending strength was increased from 3.4 to 14.2 MPa. After 20 months of aging
time, the flexural yield strength of the composite with 10% loofah fiber content increased
from 8.6 to 9.8 MPa, as shown in Figure 5. The increase in yield strength is due to the
continuous polymerization of geopolymers as the aging progresses. During the 20-month
aging period, the ultimate flexural strength, strain hardening and flexural modulus all
changed slightly. The aging study showed that the mechanical properties of the composite
material did not decrease significantly within 20 months.
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In another study, Gabriel et al. [72] synthesized wood fiber-reinforced geopolymer
composites with fly ash, sand and wood fibers, and added 5, 10, 15, 20, 25, 30 and 35 wt%
variable wood fibers. As the amount of wood fiber added increased, the mechanical proper-
ties decreased [73]. Su [74] used fly ash and slag as raw materials to prepare geopolymers
and improved its crack resistance and strength by adding lignin fibers, polypropylene
fibers and alkali-resistant glass fibers. When the fiber addition amount was 0.75%, the
strength of fiber-reinforced geopolymer was the best. The coherence between natural fiber
and geopolymer matrix is lower than that of artificial fiber. The improvement effects of
fiber reinforcement and shrinkage resistance are, in order, PP fiber, alkali-resistant glass
fiber and lignin fiber. The fiber not only prevents the separation from the geopolymer
matrix, but also inhibits the generation and expansion of cracks, and ultimately improves
the strength of the fiber.

4.2.5. The Effect of Stem Fiber on the Toughness of CFGCs

Agricultural waste straws are mostly stem fibers, such as rice, wheat, sorghum,
bagasse, and so on. Chen et al. [75] reported that when the fiber content was less than 2.0%,
the increase in the content of sweet sorghum fiber in the geopolymer caused the density
and unconfined compressive strength of the composite to continue to decrease, while the
bending strength, tensile strength and peak toughness had been significantly improved.
It shows that the main function of fiber is not to improve the compressive strength of
composites, but to improve its flexural performance and control the further development
of matrix concrete cracks.

4.2.6. The Effect of Grass/Reeds Fiber on the Toughness of CFGCs

Grass/reeds fiber includes reed, bamboo fiber, corn fiber, and so on. Kaushik et al. [76]
used 5 wt% of untreated bamboo fiber to reinforce potassium-based metakaolin geopolymer
to obtain a four-point flexural strength of 7.5 MPa.

As mentioned above, cellulosic fiber is the main source of toughness of CF reinforced
geopolymers, whether it is bast fiber, fruit fiber, leaf fiber, seed fiber, wood fiber or grass
fiber. The strength and fracture resilience of CFGCs with different fiber contents are quite
different. Relevant experiments show that, compared with pure geopolymer, the fracture
toughness of geopolymer containing 2% cellulosic fiber can be increased 4-fold [77,78].

The microstructure analysis shows that there may be chemical interaction between
organic fiber and inorganic polymer chain, and the failure dynamics of geopolymer matrix
composites include crack bridging, fiber pulling out and fiber tearing mechanism [62].
Compared with other fibers, CFs have higher specific modulus and elongation at break,
and are more evenly distributed in the geopolymer matrix. The presence of CFs usually
increases the tensile strength, flexural strength and toughness of the geopolymer composite,
thereby improving the durability of the geopolymer composite. On the other hand, the use
rate of CF should not be too high because too much CF will increase the porosity of the
geopolymer composite, make the fiber and the matrix poorly bonded, and fail to achieve
the desired strengthening and toughening effect.

4.3. Resistance to Sulfate Attack of CFGCs

Sulfate resistance is one of the important indexes of cement-based material durability.
As a new cementing material which can replace the traditional Portland cement, geopoly-
mer has better sulfate resistance than cement. After sulfate solution erosion, the mechanical
strength, microstructure and surface morphology of CFGCs will change to some extent.

Fan et al. [79] used sisal fiber and polyvinyl alcohol fiber (PVA) to strengthen metakaolin-
based geopolymer, indicating that fiber incorporation can greatly improve the physical
properties of the geopolymer, while fiber doping can improve the sulfate erosion resistance
of the geopolymer. Compared with the low concentration of sulfate, the high concentration
of sulfate erodes the geopolymer with more cracks and pores, and the compressive strength
decreases more obviously. The results showed that the fiber-reinforced geopolymer prepared
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by 0.5 wt% PVA and 0.75 wt% sisal fiber had the highest compressive and flexural strength
and was the most stable.

The microstructure of the fiber-reinforced metakaolin-based polymer samples after
curing for 28 d and after being eroded by sulfate at a concentration of 5 wt% and 15 wt% for
28 d is shown in Figure 6 [79]. With the increase of sulfate concentration, it can be seen that
there are certain cracks and holes. This is because the sulfate gradually infiltrates into the
geopolymer sample during the erosion process, occupying some voids in the geopolymer.
The accumulation continues, causing the development of cracks.
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Similar to the above, cellulosic geopolymer composites can be stabilized by acid rain
leaching over long periods of time. Jin et al. [80] mixed straw with a mass fraction of
4% into the geopolymer, and the compressive strength of the composite was greater than
30 MPa. Under acid rain leaching with a pH value above 3, the compressive strength
was maintained at about 36 MPa, and the acid rain leaching resistance was good. When
the composite was immersed in thiobacillus thioxide, the compressive strength of the
composite was 26.3 MPa for 21 days and 18.4 MPa for 28 days. The results showed that
although thiobacillus thioxide had a certain effect on the compressive strength of the
straw geopolymer, its amorphous three-dimensional network silicoaluminate structure
still existed.

However, in a strong acid solution, the properties of CFGCs also change greatly. Jin [81]
synthesized a metakaolin-based geopolymer from rice straw fiber. The straw geopolymer
was soaked in sulfuric acid solution at pH 1.0, 3.0 and 5.0 and sodium hydroxide solution
at pH 9.0, 11.0 and 13.0. After being immersed in an acid solution with a pH of 1.0 and
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an alkali solution with a pH of 13.0 for 28 days, the compressive strength of the samples
decreased from 50.28 to 28.90 MPa and 40.00 MPa, respectively. Soaking the sample in a
sodium hydroxide solution with a pH of 9.0 had the best effect.

The durability of CFGCs can be judged by soaking in sulfuric acid solution to test
its cross-section reduction, weight loss, compressive strength loss and other changes.
Maan et al. [82] prepared several concrete mixtures by using fly ash and crushed palm oil
clinker (POC) as lightweight aggregate and oil palm trunk fiber (OPTF) as natural fiber
reinforcement. In the concrete mixture, POC was added to the mixture in proportions of
25%, 50%, 75% and 100% by mass, and OPTF was added to the mixture in proportions of 1%,
2% and 3% by volume, respectively. The results showed that when the compressive strength
was above 30 MPa, the optimal replacement rate of POC content was 75%, and OPTF content
was 1%. The addition of POC and OPTF reduced the acid resistance of concrete.

Table 2 shows the strength and water absorption test results of the composites in
28 days. The addition of POC significantly improved the water absorption of the mixture.
Due to the porosity of POC, the water absorption value increased by one-third when POC
content was 25%, and 4.3-fold when it was completely replaced, as shown in Table 2. The
water absorption value of geopolymer increased exponentially when added to OPTF. When
the OPTF content was 1%, the increase was about two-thirds. When the content of OPTF
was 3%, the increase was 3.1-fold. Through the durability test of immersion in sulfuric acid
solution, the section reduction, weight loss and compressive strength loss have no obvious
change, indicating that the corrosion resistance of sulfuric acid is good.

Table 2. Strength value and water absorption test results of CFGCs.

POC/(%) OPTF/(%) Water Reducing
Agent/(%) Tensile/(MPa) Shear/(MPa) Flexural/(MPa) Water Ab-

sorption/(%)
Cross-Section
Reduction/(%)

Weight
Loss/(%)

0 0 0 4.55 9.41 6.31 0.6 −1.15 −2.2
25 0 0 4.31 9.04 6.02 0.8 −1.2 −2.2
50 0 0 3.94 7.94 5.56 1.4 −1.2 −2.6
75 0 0 3.62 7.09 5.10 1.8 −1.5 −2.8

100 0 0 2.91 6.42 4.78 3.2 −2 −3.1
100 0 0.5 3.05 6.48 4.83 3 −1.9 −3
100 1 0.5 4.41 7.19 6.86 4.9 −2 −3.4
100 2 0.5 3.44 6.93 5.34 7.8 −2.6 −3.9
100 3 0.5 3.21 6.54 5.03 12.5 −3.9 −5.7

4.4. Resistance to Chloride Ion Penetration of CFGCs

The durability of CFGCs is an important property in engineering application. In
fact, through the study of the long-term durability of fly-ash-based geopolymer exposed
for 10 years under deep burial and complete saturation conditions in a severe salt lake
environment, it was found that [83], compared with cement concrete, geopolymer had an
adverse effect on chloride ion transport, with higher chloride ion diffusion coefficient and
lower bond ability.

Zhou et al. [84] conducted a hydrochloric acid erosion test on biogeopolymer of cotton
stalk powder and found that the addition of untreated cotton stalk fiber reduced the density
and compressive strength of geopolymer, while the flexural strength slightly increased. The
compressive strength and flexural strength of cotton stalk fiber after alkali treatment were
4.8% and 11.5% higher than those without alkali treatment, respectively. The treated cotton
stalk powder could effectively improve the compressive strength of geopolymer but reduce
the acid corrosion resistance of geopolymer. Through analysis, the effect of cotton stalk
powder on geopolymer is mainly filling and cementation. The sugar precipitated from
cotton stems in an alkaline environment reduces the compactness of the geopolymer gel.

The effects of different concentrations of hydrochloric acid on the resistance of CFGCs
are very different. Ribeiro et al. [85] immersed bamboo fiber geopolymers in sulfuric acid
and hydrochloric acid of 0, 5 and 15 wt% for 7, 28 and 112 days to study their appearance,
quality changes and compressive strength behavior. No mass loss was observed in 0% acid
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(100% water), indicating durability in water. The mass loss of geopolymer increased from 5,
10 and 15 wt% to 2.7%, 3.5% and 4.4%, respectively, with the increase of acid concentration.

Figure 7 shows the microscopic morphology of bamboo-fiber-reinforced geopolymer
before and after chloride ion erosion. (a) shows SEM images of 4.1 wt% bamboo-fiber-
reinforced geopolymer soaked in 15 wt% hydrochloric acid for 28 days. The phenomenon
of micropores formed by acid leaching is obvious. (b) shows the parallel periodic micro-
cracking in the geopolymer matrix. (c) shows the undissolved chopped bamboo fiber in
15 wt% sulfuric acid treatment for 28 days. (d) shows the formation of periodic parallel
microcrack complexes in bamboo-fiber-reinforced geopolymer.
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Figure 7. SEM micrograph of bamboo fiber-reinforced geopolymer, (a) acid leaching to form micro-
pores; (b) parallel periodic micro-cracking in the geopolymer matrix; (c) undissolved chopped
Bamboo fiber (d) a compound with periodic parallel microcracks. Reprinted with permission from
ref. [85]. Copyright 2021 Copyright Elsevier.

4.5. Performance of CFGCs against Wetting/Drying Cycles

The performance of composites against wetting/drying cycles is an important part
of durability. Trindade et al. [86] formulated two geopolymers of 100% metakaolin (MK)
and 60% (MK) + 40% blast furnace slag (BFS). The mechanical behavior of the two matrices
is changed by the jute reinforcing fiber to make it ductile and change its crack mode. Jute
fiber promotes the formation of (C-A-S-H) gel and significantly improves the compressive
strength of the material. The five-layer jute-fabric-reinforced composite exhibits strain and
flexural hardening behavior under tension and bending, and produces multiple cracks.
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It can be seen in Figure 8 that after 15 wetting/drying cycles, the first crack strength
values of the two composites decreased significantly, but the ultimate strength did not
change significantly. This behavior shows that after 15 wetting/drying cycles, the ultimate
mechanical capacity of the composite does not change significantly. The composites all
exhibit deflection hardening behavior, which leads to smaller crack openings, and vari-
ous cracks are formed after accelerated aging. The fibers did not degrade significantly
after 15 wetting/drying cycles, indicating that the jute fabric-reinforced geopolymer has
superior durability compared with Portland cement matrix composites.
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A similar report was also found in ref. [87], Nkwaju et al. used iron-rich red clay
and bagasse fibers as raw materials to prepare geopolymer composites, and found that
the addition of fibers facilitated the transition of the fracture behavior of geopolymers
from brittleness to toughness. With the increase of fiber content, when the fiber mass
fraction was 3%, the elastic modulus increased by 50%. After 20 wetting/drying cycles, the
performance of the geopolymer composite material had been improved, and the ductility
had been improved. It shows that the wetting/drying cycles improves the fiber matrix bond,
thereby increasing the ductility of the composite. Santos et al. [88] evaluated durability
by accelerating aging through 10 wetting and drying cycles. The composite (0 cycles) was
about 15 MPa in the bending test, and the aged composite reached 11 MPa, indicating
that the wetting and drying cycles had good durability. The fiber of the composite that
had been naturally aged for 3 years has almost no degradation, and the composite had
good durability.

The mechanical behavior of the composites at the inelastic stage, such as cracking
mechanism, strength and ductility, was tested by a bending test. Canpolat et al. [89] studied
the influence of wetting-drying curing system on the performance of fiber reinforced
metakaolin-based geopolymer composites. Similarly, Asante et al. [90] also found that the
specific strength of the pine and eucalyptus particle geopolymer composite material was
reduced by 15.32% after multiple soaking and drying.

4.6. High Temperature Tolerance of CFGCs

Compared with cement-based materials, geopolymer materials have better durability
than cement-based materials. Alomayri et al. [91] tested a geopolymer composite material
containing 0.83% wt% cotton fabric by exposing it to high temperatures of 200 ◦C, 400 ◦C,
600 ◦C, 800 ◦C and 1000 ◦C. As the temperature increased, the compressive strength,
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flexural strength and fracture toughness of geopolymers all decreased. The high tem-
perature severely degrades the cotton fiber, resulting in holes and small channels in the
composite material, which makes the composite material exhibit brittle behavior. When
the temperature reaches above 600 ◦C, the mechanical properties of the composite mate-
rial are significantly reduced. Alomayri et al. [92] used cotton-fabric-reinforced polymer
composites to characterize their thermal properties through thermogravimetric analysis,
and evaluated their mechanical properties, such as flexural strength, fracture toughness,
flexural modulus and impact strength. When the fiber content was 2.1 wt%, the mechanical
properties of the fiber were improved. The thermal analysis results showed that the fly-ash-
based polymer can prevent the degradation of cotton fabrics at high temperatures. Amalia
et al. [93] studied the high temperature resistance of fly-ash-based hybrid geopolymers
with pineapple leaf fibers as aggregates, and the results showed that pineapple leaf fibers
had great potential in geopolymer reinforcement or lightweight aggregates.

Another experiment [86] found that there were fine crack networks on pure geopoly-
mer heated at 400 and 600 ◦C. After over 600 ◦C, severe cracks appear on the surface. When
cotton fiber was added, no cracks were found on the surface of geopolymer at the same
temperature. It shows that cotton fiber is very effective in preventing the matrix from form-
ing cracks at high temperature. The structure of the composite becomes more porous, and
the expanded water vapor escapes without causing major damage to the microstructure.
This degradation of cotton fibers will facilitate the behavior of geopolymers under heat
exposure. The porosity and small channels produced by the degradation of cotton fibers
can reduce the internal vapor pressure, thereby reducing the possibility of cracking.

Compared to ordinary Portland cement, geopolymer has better acid resistance and
sulfate resistance, but its resistance to carbonization is slightly worse. Frost resistance is
also an important performance for the durability of plant-fiber-reinforced geopolymers,
but there are few studies in this area. Xuan et al. [94] prepared geopolymer-based CF
composites using industrial waste slag and agricultural and forestry residue bagasse as
raw materials. The bending strength was analyzed, and its appearance and microstructure
were analyzed. It shows that CFGCs have better frost resistance.

5. Other Factors Affecting the Durability of CFGCs

In general, there are basically two ways for improving the durability of CFGCs. One
way is to add nanomaterials into the matrix; the other way is to modify CFs.

5.1. The Effect of Nanomaterial Addition on the Durability of CFGCs

Pore structure is the basis of the theory of geopolymer mix ratio design and its relation-
ship with mechanical properties and is closely related to the macro-mechanical properties
and durability of geopolymers. Nanomaterials have unique nano-effects such as volume
effect, surface effect, quantum size, quantum tunnel, etc., which lead to unique physical
and chemical properties of nanomaterials and nanostructures. Incorporating nano-SiO2
can not only speed up the polymer polymerization reaction process, in which the unreacted
nano-SiO2 particles are wrapped by the geopolymer, but also play the role of particle
filling, so that the overall structure of the composite material is more compact, and the
polymerization is improved, as is the durability of objects [95].

Generally, CFs will deteriorate to varying degrees after being exposed to an alkaline
environment. The attack of alkali ions leads to the weakening of cellulose and hemicellulose,
and the mineralization of fiber cell walls in the geopolymer pulp leads to fiber brittleness.
Assaedi [96] evaluated that after 32 weeks of aging, the flexural strength of geopolymer
composites decreased. Figure 9a,b show the load deflection behavior of fiber-reinforced
geopolymer (GP/FF) composites and nano-SiO2 fiber-reinforced geopolymer (GPNS-1/FF)
composites at 4 and 32 weeks, respectively. Among the two composites, the composite
containing nano-SiO2 has a higher load capacity.
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The flexural strength of the flax-fiber-reinforced geopolymer composite material was
reduced by 22.4%, while the flexural strength of GPNS-1/FF was reduced by approximately
10.3%. It shows that after 32 weeks of aging, the flexural strength of the nanocomposite
decreases less. The analysis shows that nano-silica consumes the alkaline solution and
reduces the alkalinity of the system, thereby reducing the degradation of flax fibers. In
addition, nano-silica accelerates the geopolymer reaction and increases the geopolymer gel
in the matrix. The amount of it improves the density of the matrix and actually improves the
adhesion between the fiber and the geopolymer matrix, thereby enhancing the durability
of the geopolymer.

In a similar way, Saulo et al. [97] improved the compressive strength and stiffness of
geopolymers for 7 days by adding microcrystalline cellulose fibers. After 28 days, due
to the degradation of microcrystalline cellulose, the geopolymer reduced its mechanical
properties. The group of Cut [98] studied the effect of different cellulose nanocrystal
concentrations on the mechanical properties of geopolymers. Lower concentrations of
cellulose nanocrystals (<0.5%) could produce higher strength geopolymers. The higher
concentration of cellulose nanocrystals prevents the pyrolysis of the geopolymer in an
unstable solidification environment and enhances the corrosion resistance of the composite.
Rahman et al. [99] studied the synergistic effect of silicon dioxide and silicon carbide
whiskers derived from rice husk ash. It showed that the spherical silica nanoparticles
prepared from rice husk ash reduced the nanoporosity of the geopolymer by 20% and
doubled the compressive strength. When rice husk ash and silicon carbide whiskers were
added at the same time, the flexural strength increased by 27% and 97%, respectively.
The increased compressive strength of silica nanoparticles is related to the decrease of
porosity, and silicon carbide whiskers can effectively improve the bridge network and
crack resistance.

Assaedi et al. [100] synthesized a geopolymer composite material reinforced by flax
fabric and nano-clay flakes, and added nano-clay flakes to strengthen the geopolymer
matrix at 1.0, 2.0 and 3.0% by mass. The 2.0 wt% nanoclay had the best effect, increasing
the density and reducing the porosity, thereby increasing the flexural strength and tough-
ness. Rahmawati et al. [101] used Typha as a new raw material for separating cellulose
nanocrystals and extracted cellulose from stem fibers by alkaline and bleaching methods.
Then, cellulose nanocrystals were separated from the extracted cellulose by acid hydrolysis.
The acid hydrolyzed cellulose nanocrystal had good thermal stability at 240 ◦C, which was
higher than that of raw meal. Cellulose nanocrystals have the potential as a geopolymer
cement reinforcement agent.
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Based on the above studies, it can be concluded that nanomaterials can be used not
only as a filler to improve the microstructure of the binder, but also as an activator to
support the geopolymer reaction and produce a higher content of geopolymer gel. This
enhances the adhesion between the geopolymer matrix and CF, thereby improving the
properties of CFGCs.

5.2. The Effect of Fiber Modification on the Durability of CFGCs

Compared with other types of fibers, some limitations of CFs, such as biodegradation,
UV degradation or weak bonding, affect their mechanical properties and durability. In order
to improve the performance of CFs in the geopolymer matrix, a modification treatment
method is usually used. Alkalization is one of the chemical modification techniques of
bio-based materials. The purpose of the treatment is to have less impurities in the fiber and
increase the adhesion of its contact surface.

Scholars have many research cases on the modification of bast fibers. Kumar et al. [41]
used 10% (NaOH) solution for alkali treatment of ramie with a maximum treatment temper-
ature of 160 ◦C and obtained strong fibers with low lignin content and good fiber separation.
Lazorenko [102] et al. treated alkaline media with 5% (NaOH) solution mercerizing and
ultrasonic (22 kHz, 500 W). The combined treatment of alkali and high-intensity ultra-
sound is an effective way to treat and modify fiber-reinforced polymer composites, which
has the best technical and economic effects. Maichin et al. [103] studied the influence of
sodium hydroxide concentration on the pretreatment performance of hemp fiber and the
self-treatment behavior of hemp fiber in geopolymer composites. The self-treatment behav-
ior of hemp fiber in the geopolymer can improve the final performance of the hardened
product. The self-treatment process is to add fibers to the geopolymer mixture without
any pre-alkaline treatment. Similarly, Maichin et al. [104] also discussed the influence of
geopolymer alkalinity on fiber self-treatment. The results showed that the self-treatment
process is controlled by the alkaline environment in the geopolymer system. After the fiber
is alkalized, the surface of the fiber is modified, so that the fiber has stronger cohesive-
ness and better compatibility with cement paste. Pickering et al. [38] discussed different
methods of chemical modification of hemp fiber to make it have good water repellency,
chemical resistance and good mechanical properties. Georg et al. [105] used pretreatment
and surface modification to remove short hemicellulose, lignin, pectin and wax, increase
the interface adhesion between the matrix and flax fibers, and optimize the rheology of
the geopolymer slurry performance. Roy et al. [106] applied different chemical treatments
to the abaca fiber to change its surface characteristics and improve the adhesion to the
fly-ash-based polymer matrix. It showed that the tensile strength of abaca fiber without
alkali pretreatment and soaked in (Al2(SO4)3) solution with pH6 for 12 h had the highest
tensile strength. Chemical treatment and deposition of aluminum compounds make the
surface rougher. This improves the interfacial bonding between the geopolymer matrix
and the fibers, while the geopolymer protects the treated fibers from thermal degradation.

Sisal is typical of leaf fiber. Figure 10 shows the microscopic morphology of sisal
fiber-reinforced metakaolin-based polymer. It can be observed that the fiber is broken or
torn at the section, as shown in Figure 10a,b. The phenomenon of the fibrillation of sisal
fiber indicates that the sisal fiber plays a role in bearing force during the crack propagation
and fracture process of the sample, which causes the damage and tear of the fiber. As
shown in Figure 10c,d, the interfacial bonding ability between the alkali-treated sisal fiber
and the metakaolin-based polymer material has been significantly improved. It can be
seen that the sisal fiber breaks under external force. The fiber is not drawn out due to
external force, but breaks during the stress process, indicating that the interface bonding
force between the sisal fiber and the geopolymer is greater than the maximum stress that
the fiber can withstand, which shows that the alkali treatment can greatly improve the
interface bonding between sisal fiber and metakaolin-based polymer material.
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The modification treatment of stem fiber is mainly alkali treatment. Huang et al. [107]
found that both untreated and alkali-treated rice straw can significantly increase the flexural
strength of geopolymers. The bonding effect of the geopolymer matrix and straw after
alkali treatment was better than that of untreated rice straw. During the curing time of
28 days, the flexural strength of the alkali-treated straw-reinforced geopolymer composite
with a fiber content of 10% reached 13.6 MPa. Workiye et al. [108] chemically treated corn
stalks with 98% pure sodium hydroxide for 30 min, and prepared 0, 0.1, 0.2, 0.6 and 1% by
mass corn stalk monocellulose-reinforced geopolymer composites. The material indicates
that the proper addition of single fiber of corn stover can improve the compressive strength
of the calcined kaolinite base polymer.

Ribeiro et al. [109] found that bamboo fibers and strips enhance the compressive
strength of geopolymers. The alkali-treated micro-bamboo fiber had a compressive strength
of 23–38 MPa, which was lower than the 56 MPa of pure geopolymers, but still had good
structural applications. Alkali treatment and water treatment have no significant difference
in the bending strength of bamboo fiber and bamboo strips, and both achieve the effect of
toughening and cracking resistance. Similarly, water treatment methods are also applicable
to wood fibers. Asante et al. [109] studied the effect of hot water treatment of wood particles
on the physical properties and specific compressive strength of geopolymers before and
after immersion and drying. Hot water washing resulted in a reduction of 47% and 67% in
the extract content of pine and eucalyptus particles, respectively, and the specific strength
values of pine and eucalyptus particle geopolymers increased by 27% and 3%, respectively.
Hot water pretreatment significantly increased the specific compressive strength of the pine
base polymer, while the specific compressive strength of the eucalyptus base polymer did
not increase. It showed that the hot water washed away the unique extracts of pine trees,
so that there was better compatibility between geopolymer and wood.

6. Conclusions

In this paper, the larger part is the durability of CFGCs such as crack resistance and
toughness, sulfate corrosion resistance, chloride ion penetration resistance, dry and wet
cycle resistance, and high temperature resistance. Compared with cement-based materials,
the weak alkalinity of CFGCs slows down the degradation of CFs. CFs have been widely
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used in CFGCs due to its excellent properties. Meanwhile, the mechanical properties of the
interface between CFs and matrix should be further improved to enhance the durability of
composites and lay a foundation for their engineering application. The main conclusions
are as follows:

• All types of natural cellulose fibers can be used to reinforce geopolymers. Among the
bast fibers, hemp, flax and jute, and leaf fiber sisal are the most widely used, and there
is also more related research;

• An appropriate amount of plant fiber has a beneficial effect on the mechanical prop-
erties of the geopolymer, toughening and cracking resistance, and other types of
durability. Too much mixing will have a negative effect. In CFGCs, the CF content
range is mostly 0.1–10%, and the best content is usually 2–4% volume content;

• The alkaline degradation of CF in the geopolymer matrix has an adverse effect on the
mechanical properties of the composites. Chemical modification and self-modification
can be used to adjust the adhesion state of the fiber and matrix interface and optimize
the properties of the interface layer between the fiber and matrix to achieve the best
properties of the geopolymer;

• Nanomaterials can improve the microstructure of CFGCs, make the material matrix
more compact, reduce the degradation rate of CF and improve the durability of CFGCs;

• CFGCs have good properties of resistance to sulfate and chloride ion erosion and can
prevent degradation of fibers at high temperatures. However, the sugar precipitated
from CFs in alkaline environment reduces the compactness of geopolymer gel and has
a negative effect on its durability.
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Abstract: Paulownia bark is mostly utilized jointly with wood, but the possibility of a separate
valorization through the pressurized extraction of bark bioactives has been assessed. Subcritical
water extraction and supercritical CO2 extraction are green technologies allowing shorter times than
conventional solvent extraction under atmospheric shaken conditions. Subcritical water extraction
was carried out at temperatures ranging from 140 to 240 ◦C and supercritical CO2 extraction was
performed at different pressures (10, 20 and 30 MPa), temperatures (35, 45 and 55 ◦C) and ethanol
concentrations (0, 10 and 15% (w/w)). Subcritical water extraction under a non-isothermal operation
during heating up to 160 ◦C (19 min) provided extraction yields up to 30%, and the extracts contained
up to 7% total phenolics with an ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) radical
scavenging capacity equivalent to 35% the activity of Trolox, whereas at 240 ◦C, the yield decreased
to 20%, but the phenolic content reached 21%, and the antiradical activity was equivalent to 85% of
Trolox. Supercritical CO2 extraction at 30 MPa, 45 ◦C and 30 min reached a global yield of 2% after
180 min of extraction, but the product showed very low antiradical capacity. Gallic acid, vanillic acid,
vanillin and apigenin were the major phenolic compounds found in the extracts.

Keywords: Paulownia; subcritical water; supercritical CO2; antioxidants; valorization

1. Introduction

The genus Paulownia has been used as a folk remedy, especially in traditional Chinese
medicine, and more recently has been considered an interesting source of secondary
metabolites, such as flavonoids, lignans, phenolic acids and terpenoids [1]. Different
parts of the tree (bark, fruit, xylem, and leaves) have shown therapeutic properties, mainly
due to antioxidant, anti-inflammatory, antimicrobial and anticancer activities [2–7].

It has been suggested that the phenolic components with antioxidant properties may
be responsible for the observed activity in traditionally used bark extracts [5,6,8–10], and
they can also be used as chemotaxonomic markers [6]. Antioxidants can protect from the
damage caused by free radicals and can protect lipid-containing food and cosmetic stuffs
from oxidation. Among other mechanisms, antioxidants can exert their effect by scavenging
free radicals. Therefore, the search for natural compounds with antiradical properties can
provide alternative efficient antioxidants, which could offer additional biological properties
and could be used as therapeutics.

Different extraction and purification strategies have been proposed to selectively
recover P. tomentosa bark bioactives. Solvent fractionation of a crude ethanolic extract
using a successive liquid–liquid extraction in n-hexane, dichloromethane, ethyl acetate and
n-butanol has been proposed to obtain compounds with antioxidant properties [10]. Ethyl
acetate provided the most active radical scavenging fraction and contained glucodistylin,
luteolin, ellagic acid, cistanoside F, campneoside II, isocampneoside II, verbascoside and
isoverbascoside [10]. Flavonoids (such as naringenin and quercetin), phenolic acids, (such
as cinnamic acid and gallic acid) and phenylpropanoid glycosides (such as cistanoside F,
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acteoside, isoacteoside, campneoside II and isocampneoside II) were chromatographically
isolated from the n-butanol soluble fraction [6]. Apigenin derivatives have been identified
in acetone extracts [3]. A methanol extract of P. tomentosa stem bark, with phenylethanoid
glycosides verbascoside and isoverbascoside as the predominant compounds, showed
anti-inflammatory effects in RAW 264.7 macrophages and in an acute lung injury murine
model [7]. A methanolic P. tomentosa bark extract and the fractions obtained by sequen-
tial liquid–liquid extraction with n-hexane, chloroform and water and chromatographic
separation showed antiviral activity [4].

However, the use of greener solvents is preferred to obtain natural bioactives. In addi-
tion, obtaining wood and bark extractives is highly interesting to propose the valorization
of important chemicals for future biorefinery valorization schemes [11]. In this context, the
application of more selective and environmentally friendly extraction techniques would
offer additional value of the final products [12]. Pressurized solvent extraction has advan-
tages in relation to the enhanced efficiency in terms of extraction time [13]. Subcritical water
extraction (SWE) is an eco-friendly technology performed at temperatures in the range of
100–374 ◦C, corresponding with the boiling point and critical point of water, respectively.
Pressure is switched in the range of 2–15 MPa to maintain the water in its liquid state [14,15].
Under these conditions, water presents unique properties (low dielectric constant and high
ionic product) that favor the extraction of apolar compounds and the partial breakage of the
polysaccharidic structures [16]. Supercritical fluid extraction (SCFE) is a green and clean
(GLEAN) extractive technique that operates with a fluid at temperatures and pressures
over the critical point, a state without distinct liquid and gaseous phases, while simul-
taneously possessing properties of both phases [17,18]. The most frequent solvent used
in this extraction method is carbon dioxide (CO2), which presents low critical conditions
(7.4 MPa, 32 ◦C). CO2 is relatively highly available at relatively low cost, it is non-toxic,
non-flammable and a good solvent for compounds with low volatility and polarity. It can
be highly selective by adequately selecting operational conditions. Recent studies, using
wood or bark as the starting material, employed the sc-CO2 extraction to the enrichment of
different compounds. In this context, Barbini et al. [19] extracted pine bark using subcritical
and supercritical CO2. The first step allowed a selective enrichment of the extract with
unsaturated fatty acids despite the low extraction yields obtained. After removing most of
the lipophilic compounds, sc-CO2 using ethanol as a polar cosolvent facilitated the recovery
of more polar compounds, such as phenolics.

The aim of this work is to explore the potential of pressurized solvent extraction with
subcritical water and with supercritical carbon dioxide to obtain extracts from Paulownia
elongata x fortune with antiradical properties.

2. Results and Discussion
2.1. Composition

The proximal composition of Paulownia bark is shown in Table 1. The saccharidic
fraction, accounting for almost 50% of the dry weight, was the most abundant, with glucose
being the major component. Ethanol extractives accounted for 21%, whereas protein and
ash represented a lower fraction. Qi et al. [20] reported a similar ash content (2.8%) for
Paulownia tomentosa bark, with 80% volatile matter content and 17% fixed carbon content.

2.2. Subcritical Water Extraction

The influence of the final extraction temperature on the extraction yields is shown in
Figure 1. A maximum of 33% was observed as a plateau region at 160–200 ◦C, with a steady
decrease at higher values. However, the phenolic content showed a continuous increase in
the range studied, more marked at the highest tested temperature, accounting for up to
21% of the dried extract. Lower solubilization can be attained with organic solvents, i.e., in
three stages with methanol during 24 h [7].
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Table 1. Composition of Paulownia elongata x fortunei bark.

Component Content (%, d.w.)

Ash 3.00 ± 0.17
Ethanol extractives 21.32 ± 0.28

Protein 4.95 ± 0.51
Acid insoluble residue 25.62 ± 0.79

Carbohydrates
Galacturonic acid 5.12 ± 0.13

Glucose 20.63 ± 0.15
Xylose 5.34 ± 0.30

Mannose 0.43 ± 0.11
Galactose 3.81 ± 0.09
Rhamnose 1.93 ± 0.16
Arabinose 1.83 ± 0.02

Figure 1. Influence of the final subcritical water extraction temperature on total extraction yield
(a), protein content (b), the total phenolic content (c) and the antiradical capacity against ABTS
(2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)), (d), for the aqueous extracts from bark.

According to data from Table 2, the saccharidic fraction was mostly found as oligomers,
with glucose, arabinose and galactose as the most abundant. The operation temperature
affected the different compounds differently; glucose in oligomeric units decreased with
temperature, and the monomers only decreased at the highest values; galactose remained
in oligomers up to 200 ◦C, but the monomer concentration decreased with temperature; and
both xylose and arabinose content in oligomeric form increased with temperature, but the
monomers were less affected. As expected, the organic acid concentration increased with
operation temperature. Maximal extraction yields of 30% in the range of 160–200 ◦C were
attained in subcritical water extraction, and at higher treatment temperatures, decreased
values were observed until 20%. However, the phenolic content of the extracts increased
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more markedly with increasing temperatures, reaching more than 20%, and the antiradical
capacity showed a similar trend. The ABTS radical scavenging capacity increased from
35% to 85% of the activity of Trolox. The protein content of the extract was under 0.5% and
lowered with increasing extraction temperature.

Table 2. Influence of the final extraction temperature on monomers (a) and oligomers (b) from
saccharidic fraction of subcritical water extraction of Paulownia bark.

(a)

Monomers (g/100 g Extract) Temperature (◦C)

140 160 180 200 220 240
Trehalose 7.5 6.07 5.29 2.93 - -

Glucuronic acid - - - - - -
Galacturonic acid - - - - - -

Glucose 11.63 10.1 12.72 11.36 3.08 2
Xylose 0.7 0.51 0.21 0.25 1.29 0.87

Galactose 8.36 1.91 1.57 1.9 1.57 0.6
Rhamnose 0.22 0.15 0.65 2.55 1.29 0.5
Arabinose - 0.08 0.84 3.2 1.42 0.92
Mannose 2.34 2.32 4.12 2.95 0.92 0.86
Mannitol 0.14 0.12 0.12 0.14 0.16 0.59

Formic acid 2.72 - 0.8 3.61 1.99 15.16
Acetic acid - 0.27 0.61 2.36 8.2 20.57

(b)

Oligomers (g/100 g Extract) Temperature (◦C)

140 160 180 200 220 240
Trehalose - - - - - -

Glucuronic acid 0.88 1.17 1.39 1 1.06 1.47
Galacturonic acid 8.41 11.57 5.65 1.48 0.05 0.07

Glucose 20.91 18.25 15.9 14.73 15.19 11.37
Xylose 0.7 0.37 1.26 9.07 16.15 1.25

Galactose 8.36 8.04 9.13 9.2 5.56 0.83
Rhamnose 6.72 6.69 6.83 5.13 1.76 -
Arabinose 3.24 13.01 17.74 13.28 1.8 -
Mannose - - - - 2.73 2.03

Formic acid 2.72 2.33 3.35 2.29 7.34 -
Acetic acid 0.94 0.88 1.34 2.97 3.88 -

2.3. Supercritical Fluid Extraction

Figure 2 shows the influence of pressure and temperature on the extraction yield
and the antiradical properties of the sc-CO2 extracts from P. elongata x fortunei bark. As
can be seen in Figure 2a, the use of higher pressures led to an improvement of extraction
yield as a consequence of the increase in solubility caused by the supercritical CO2 density
enhacement with pressure. Maximum extraction yields up to 0.8% were obtained when
operating at the highest pressure. On the other hand, the effect of temperature on the
extraction yield was the result of the dual effect that an increase in temperature may
cause on the parameters, affecting solubility, i.e., the decrease in CO2 density and the
increase in solute vapor pressure. In this work, the use of a lower temperature had a
positive effect on the extraction yield during operation at the lower pressure, whereas at
the higher pressure, a positive effect of temperature on the extraction yield was observed
since the decrease in solvent density was compensated by the increase in the solute vapor
pressure. This behavior, despite the important deviations observed in the experimental
data at 30 MPa, suggests that the crossover point of the different isotherms could be in
the range of 15–25 MPa. The ABTS radical scavenging test was selected for its simplicity,
and since it is widely used, this assay can be valid for a rapid comparison of the bioactive
potential of Paulownia bark extractives. The activity against ABTS radical was very low,
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under 2.5% Trolox equivalents, and no clear effect of temperature at the studied pressure
conditions was found (Figure 2b).

Figure 2. Influence of the extraction pressure and temperature on the extraction yield (a), and the
antiradical capacity determined as ABTS (b) of Paulownia elongata x fortunei bark samples extracted
with pure sc-CO2 for 30 min at the temperatures of 35 ◦C (dark gray), 45 ◦C (light gray) and 55 ◦C
(intermediate gray).

The effect of the addition of ethanol as a polar modifier on the extraction yield and
antioxidant activity of the extracts was evaluated (Figure 3). The use of ethanol as a solvent
is highly frequent for its greener and renewable character, and in some cases offered higher
yield than others, such as ethylacetate or water [12]. This influence was studied at 10 MPa
and 35 ◦C and at 30 MPa and 55 ◦C, selected as the highest and lowest values of pressure
operation, at temperatures providing higher yields and an extraction time of 30 min. At
10 MPa and 35 ◦C, the extraction yield increased significantly up to 0.8% with 10% ethanol
as a modifier, whereas at 30 MPa and 55 ◦C, no significant effect of ethanol content on
yield was observed after 30 min of extraction. Regarding the antioxidant capacity against
the ABTS radical, a gradual increase with ethanol content was observed. The extraction
yields were in the range of those reported for solvent fractions from a 95% ethanolic
extract obtained at room temperature during 5 days, yielding 0.79% in the ethyl acetate
fraction, which was also the most active radical scavenger. Other fractions represented
lower yields—0.12% for the n-hexane and 0.10% for CH2Cl2, 0.01% for n-BuOH, whereas
the water fraction represented 6.28% of the sample [10].

Figure 3. Influence of the ethanol concentration as a modifier on the extraction yield (a) and the
antiradical properties, determined and TEAC value for ABTS scavenging capacity (b) of Paulownia
elongata x fortunei bark at 10 MPa, 35 ◦C (white); and 30 MPa, 55 ◦C (gray) for 30 min.
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The extraction yield was higher than that of the fractions in dichloromethane, ethyl
acetate or n-butanol fractions from a 95% ethanolic extract obtained at room temperature
during 5 days from P. tomentosa [10]. The major compounds present in extracts were gallic
acid, vanillic acid, vanillin and apigenin.

Supercritical fluid extraction of phenolic compounds from tree barks has been fre-
quently reported and performed similarly to the present study. Bukhanko et al. [11]
reported that supercritical carbon dioxide provided 2% yield from Norway spruce bark, a
value slightly lower than from needles; the values were more than double using Soxhlet
extraction. This technique proved suitable for the extraction of Eucalyptus globulus bark
triterpenic acids [21] and Pinus brutia bark extractives 20 MPa, 60 ◦C and 3% ethanol [22].
Supercritical solvent extracts from Eucalyptus globulus bark obtained at 30 MPa, 70 ◦C,
20% ethanol and 10 g of CO2/min, with a yield of 0.48%, contained 6% gallic acid equiva-
lents. Higher phenolic content could be found in ethanol:water extracts (15.9%) and with
methanol:water (40.7%) [12].

Kinetic experiments were carried out with CO2 at the pressure conditions that pro-
vided the highest extraction yields and at an intermediate temperature (30 MPa and 45 ◦C).
The total extraction yield achieved after 330 min of extraction was 2%. The kinetic curves
and their modeling offer information on the mechanism of the extraction process and on
further scaling up. Among all the models proposed in the literature for fitting kinetic data,
the BIC model [23] is the most widely used. Both experimental data and the fitted curve
obtained with the broken-intact cell (BIC) model are shown in Figure 4. The parameters
necessary for this model are presented in Table 3. The solubility of the solute (Ys) was ini-
tially estimated as the slope of the first part of the curve and then fitted to the experimental
data along with the adjustable parameters of the model. The initial extractable solutes mass
ratio in the raw material (x0) was fixed as the asymptotic value at infinite time.

The adjustable parameters of the model are also presented in Table 3. The experimental
kinetic curve obtained can be divided in three periods controlled by different mass transfer
mechanisms: (1) a constant extraction rate (CER), characterized by a fast extraction rate
where the solutes present on the particle surface are transferred by convection to the solvent;
(2) a falling extraction rate (FER), or transition period where the easily accessible solutes on
the particle surface begin to be depleted and resistance to mass transfer at the fluid–solid
interface starts to become significant; and (3) a diffusion-controlled period (DC), a slow
extraction rate period where the mass transfer of the less accessible solutes is governed
exclusively by diffusion. According to the results obtained by the model, the duration
of the CER period was of 53 min, whereas the diffusion-controlled period (DC period)
was not achieved until 120 min. The mass transfer coefficient in the solid phase, kxa, was
three orders of magnitude lower than the mass transfer coefficient in the fluid phase, kya,
evidencing a strong limitation of solute mass transfer in the solid phase.

Figure 4. Kinetic extraction curve for the supercritical extraction of Paulownia bark at 30 MPa and
45 ◦C. Lines represents the BIC model: (—) CER period; (– – –) FER period; (---) DC period.
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Table 3. BIC Model Parameters Obtained for the sc-CO2 Extraction of Paulownia bark at 30 MPa and
45 ◦C.

Parameter Value

kxa (min−1) 6.22 × 10−3

kya (min−1) 1.95
r 0.74

Ys (kg/kg) 1.09 × 10−4

xo 0.022
tCER (min) 53.3
tFER (min) 117.7

AARD (%) 7.09
kxa: Mass transfer coefficient in the solid phase; kya: mass transfer coefficient in the fluid phase; r: fraction of
broken cells. Ys: solubility of the extract in the solvent; xo; initial solute mass ratio in the raw material; tCER;
extration time at the end of the CER period; tFER: extraction time at the end of the FER period; AARD: absolute
average relative deviation.

3. Materials and Methods
3.1. Raw Material

The hybrid Paulownia elongata x fortunei was harvested by Maderas Álvarez Oroza in
Nois (Foz, Lugo, Galicia, Spain). Bark was collected in June 2017 and transported to the
laboratory, where it was air dried at room temperature for 15 days, ground and stored in a
dark and fresh place. Before drying, the average moisture content of bark was 72.13%.

3.2. Extraction
3.2.1. Subcritical Water Extraction

Subcritical water extraction under non-isothermal conditions was performed. Milled
bark was mixed with distilled water at a liquid–solid mass ratio 7:1 (w/w). The reaction
was carried out in a pressurized reactor (Parr Instrument Company, Moline, IL, USA) with
600 mL vessel capacity under constant stirring (150 rpm). Final heating temperatures
in the range of 140–240 ◦C were studied, based on previous preliminary experiments.
Once the selected temperature was reached, the system was cooled with water through a
stainless steel coil located inside the vessel. Then, solid and liquid phases were separated by
filtration. Operating with the highest heating rate, the temperature profiles at the operation
temperatures, manually monitored, are shown in Figure 5.

Figure 5. Heating profiles during non-isothermal treatments of Paulownia bark.
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3.2.2. Supercritical Carbon Dioxide Extraction

Supercritical CO2 was performed in a supercritical fluid equipment (Thar Process, Inc.,
Pittsburg, PA, USA) with a 1000 mL extraction cell operating with a solvent mass flow of
CO2 (99.99%, purity) fixed at 25 g/min. The amount of bark introduced into the reactor cell
was 10 g with a moisture content of about 9–10%. The extractor was filled with glass balls
until occupying the existing space. The study of influence of pressure and temperature was
proposed. Experiments were performed at 10, 20 and 30 MPa and 35, 45 and 55 ◦C during
30 min. These conditions have been selected based on literature information [12,22] and
preliminary experiments. Furthermore, the influence of absolute ethanol in concentrations
of 10% and 15% (w/w) as a modifier was studied. Dynamic extractions were performed
when the experimental conditions in the extractor were achieved. Extracts were recovered
in a separator vessel with absolute ethanol.

Additionally, a kinetic curve was constructed during 330 min at 30 MPa and 45 ◦C,
collecting the extract from the separator at intervals of 15–30 min. The modelling of the
experimental data was carried out using the broken-intact cell model (BIC model) proposed
by Sovová [23].

3.3. Analytical Methods
3.3.1. Raw Material Characterization

The characterization of raw material was performed. For moisture determination
(ISO 638 method), bark was dried in an oven at 105 ◦C for 24–48 h to reach a constant
weight. Ash content was determined (ISO 776 method) after calcination at 575 ◦C for 6 h.
The ethanol extractive content was gravimetrically determined after Soxhlet extraction.
Total nitrogen was measured by elemental analysis (FlashEA 1112 Elemental analyzer,
Thermo, Waltham, MA, USA) using 130 mL/min of He as a carrier gas and 100 mL/min as
a reference gas. The oxygen flow was 250 mL/min, and the temperatures of the oxidation
and reduction ovens were 900 ◦C and 680 ◦C, respectively. Protein content was determined
by converting total nitrogen content using the factor 6.25.

Acid hydrolysis in two stages was performed before the chromatographic quantifica-
tion of carbohydrates. In the first stage, the sample was digested with 72% sulfuric acid in
a bath water at 30 ◦C for 1 h to break the polysaccharides. Then, the reaction was stopped
by adding water. The second stage was performed with 4% sulfuric acid in an autoclave
for 40 min in order to obtain monosaccharides. The liquid phase obtained was filtered
through 0.45 µm cellulose acetate membranes and analyzed by HPLC using a refractive
index detector (Model 1200, Agilent Technologies, Santa Clara, CA, USA). An Aminex
HPX-87H (430150) column at 50 ◦C was used with 0.003 M H2SO4 at 0.6 mL/min as the
mobile phase and an Aminex HPX-87P (424351) column at 80 ◦C operating with ultra-pure
water at 0.4 mL/min as the mobile phase were used to determine different sugars. External
standards for all the compounds were used.

3.3.2. Extraction Yield

Extraction yield was gravimetrically determined. Aliquots of extract of known weight
were dried in an oven at 105 ◦C until reaching a constant weight. Assays were carried out
by triplicate.

3.3.3. Total Phenolic Content and Antioxidant Profile

Total phenolic content (TPC) was determined by the Folin–Ciocalteu method proposed
by Singleton and Rossi [24]. The results were expressed as grams of gallic acid equivalents
(GAE). In this method, 0.5 mL extract or standard (gallic acid) and 3.75 mL distilled water
were mixed. Then, 0.25 mL Folin–Ciocalteu reagent diluted 1:1 (v/v) and 0.50 mL sodium
carbonate solution (10%, w/v) were also incorporated to the mixture. After one hour in the
darkness, the absorbance of samples was measured at 765 nm. All assays were carried out
by triplicate.
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The phenolic compounds found in the extracts were analyzed using an Agilent HPLC
1100 instrument equipped with a Waters Spherisorb ODS-2 column (5 mm,
250 mm × 4.6 mm) and diode-array detector, operating at 30 ◦C, using 20 mL injection
volume at 1 mL/min. Solvent A (acetonitrile/5% (v/v) formic acid in water, 10:90) and
solvent B (acetonitrile/5% (v/v) formic acid in water, 90:10) were used in a non-linear
gradient: 0 min, 100% A; 40 min, 85% A, 15% B; 45 min, 100% B; 55 min, 100% B; 60 min,
100% A; 65 min, 100% A. Identification was carried out by comparing the retention time
and UV-visible spectral data with those of authentic compounds.

ABTS radical scavenging assay or a Trolox equivalent antioxidant capacity (TEAC)
method was proposed by Re et al. [25] to obtain the ABTS (2,2′-azino-bis(3-ethylbenzothiazo
line-6-sulfonic acid)) diammonium salt radical cation scavenging capacity of the above
samples. To make 10 µL of extract or 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid standard (Trolox), 1.0 mL of diluted ABTS·+ solution was added. The ABTS•+ solution
was obtained by the addition of phosphate buffer saline (PBS) (pH 7.4) to a 7 mM ABTS
stock solution until reaching an absorbance of 0.70 at 734 nm. The mixture of the extracts
with the ABTS•+ solution was measured at 734 nm after 6 min of incubation at 30 ◦C.
A calibration curve with Trolox solutions was prepared following the same procedure
described above, and the results were expressed as milligrams of Trolox equivalents. All
assays were carried out by triplicate.

3.3.4. Saccharidic Fraction of Hydrothermal Extracts

The saccharidic fraction of hydrothermal aqueous extracts were chromatographically
analyzed. Monomers were obtained from direct analysis of the extracts, and before the
oligosaccharide determination, a posthydrolysis process was necessary. Aliquots of the
liquid extract were mixed with sulfuric acid to a final concentration of 4% and then were
autoclaved for 20 min at 121 ◦C. The content of oligomers was determined by the difference
between the content of monomers in the subcritical water extracts and in the posthydrolysis
liquid phase. All samples were filtered through a cellulose acetate filter and analyzed
by HPLC, following the same method used for carbohydrate determination described in
Section 3.3.1.

3.4. Statistical Analysis

Significant differences between results were calculated by an analysis of variance
(ANOVA) using the MINITAB 19 (Minitab Inc., State College, PA, USA) software. The
significant differences (p < 0.05) were evaluated by Tukey’s test. Mean values and their
standard deviations were calculated and presented on the figure as error bars.

4. Conclusions

Two pressurized extraction methods were applied to Paulownia bark. Subcritical water
extraction exhibited better results in terms of extraction yield and antiradical properties
than sc-CO2 extraction. The maximum extraction yield was attained at intermediate
temperatures of hydrothermal extraction (33%), whereas the total phenolic content and
the antioxidant capacity rose with temperature and reached the highest values at 240 ◦C,
exhibiting 20 g GAE/100 g extract and 85 g Trolox equivalents/100 g extract, respectively.
Attending to the saccharidic fraction, the monomers of glucose and the oligomers of glucose,
galactose and arabinose were the most abundant. On the other hand, supercritical fluid
extraction yield (0.8%) was improved with pressure, being maximum at 30 MPa and 55 ◦C.
The addition of ethanol as a polar modifier enhanced the extraction yield at 10 MPa and
35 ◦C. This positive influence of ethanol was also observed in the antioxidant capacity
against the ABTS radical under both studied conditions. Further studies on the detailed
characterization and potential applications are ongoing.
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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 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.
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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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Figure 4. The ethanol concentration of hemp biomass in the SHF process. Optimized process
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).

Molecules 2021, 26, 6467  12  of  17 
 

 

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). 

 

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 parame‐

ters: 3%–6% the amount of substrate, 20–25 FPU∙g−1 of solid dose of enzyme, and temper‐

ature 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 Or‐

lygsson [38]; after the SSF process, the author obtained an ethanol concentration of ap‐

proximately 1 g∙L−1. 

On the basis of the average ethanol content, the hemp straw yield that could be ob‐

tained from 1 ha of hemp cultivation was specified. The highest average yield of bioetha‐

nol 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 

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 al‐

lowed 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. 

   

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: 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: 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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Figure 3. Ethanol concentration of hemp and grass biomass after the SSF process (Statistica 13.0).

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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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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