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Highlights:

Among several approaches to circular economy and zero-waste concepts, biochar production is a
great example and might be a way to push the economy to a carbon-neutral balance. Overall, despite
all the differences in assumptions and methodologies adopted, LCA proved that biochar is a very
promising way of contributing to carbon-efficient resource circulation, mitigation of climate change,
and economic sustainability.

What are the main findings?

• Biochar is considered a black porous and carbon-rich matter;
• Biochar is a promising source of alternative energy.
What is the implication of the main finding?

• It can be concluded that the costs are closely related to the technologies used in biochar production
and also to the feedstock used.

Abstract: Climate change and environmental sustainability are among the most prominent issues
of today. It is increasingly fundamental and urgent to develop a sustainable economy, capable of
change the linear paradigm, actively promoting the efficient use of resources, highlighting product,
component and material reuse. Among the many approaches to circular economy and zero-waste
concepts, biochar is a great example and might be a way to push the economy to neutralize carbon
balance. Biochar is a solid material produced during thermochemical decomposition of biomass
in an oxygen-limited environment. Several authors have used life cycle assessment (LCA) method
to evaluate the environmental impact of biochar production. Based on these studies, this work
intends to critically analyze the LCA of biochar production from different sources using different
technologies. Although these studies reveal differences in the contexts and characteristics of pro-
duction, preventing direct comparison of results, a clear trend appears. It was proven, through
combining life cycle assessment and circular economy modelling, that the application of biochar is
a very promising way of contributing to carbon-efficient resource circulation, mitigation of climate
change, and economic sustainability.

Keywords: life cycle assessment (LCA); biochar; biomass; circular economy

1. Introduction

As climate change is threatening the world and society grows exponentially, with
more and more waste being generated, environmental sustainability is being questioned. It
has been proven that linear models promote huge negative impacts on the environment.
This occurs by extraction and landfilling at the end-of-life, and also in the economy, since
not only when discarded is the economic value of products zero, but the value of finite
resources also increases [1,2]. The transition to a circular economy is connected to great

Processes 2022, 10, 2684. https://doi.org/10.3390/pr10122684 https://www.mdpi.com/journal/processes1
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expectations of ecological and economic benefits, helping in the clear separation between
economic growth and the use of resources, the building block of the linear economy and
its respective impacts, and additionally promoting the perspective of sustainable growth
and egalitarian society. The circular models can potentially improve the efficiency of
using primary raw materials and allow the waste to return to production as high-quality
secondary raw materials [1,3]. In addition, a circular economy can also provide a platform
for pioneering methodologies, technologies and business models that create improved
economic value from limited natural resources, helping industry to become more resilient
to external impacts and improve its global competitiveness.

Among several approaches to circular economy and zero-waste concepts, biochar
production is a great example and might be a way to push the economy to a carbon neutral
balance [4]. The assembly and appliance of biochar has been widely developed all over
the world. Biochar is a solid material formed during the thermochemical decomposition
of biomass in an oxygen-limited environment. It is defined, by the International Biochar
Initiative, as “a solid material obtained from the carbonization of biomass” [5,6]. Biochar can
be produced through several techniques, such as pyrolysis, torrefaction, and gasification.
It can also be obtained by various biomass feedstocks, such as wood, agro-residues, or
wastewater sludge.

Several studies report the environmental benefits of using biochar in the most diverse
industrial areas. However, the safest way to affirm this is through LCA studies that
assess the most diverse environmental impacts such as climate change and ozone layer
degradation, among others. LCA methodology is a technical tool that allows the systematic
analysis and assessment of the environmental aspects and potential impacts associated
with products or services throughout its life cycle. In this context, the aim of this work is to
perform an overview on biochar concepts and applications and mostly on LCA of biochar
production, analyzing several study cases, from the perspective of circular economy.

2. Biochar

Biochar is considered a black porous and carbon-rich matter. This material can be
produced with little or unavailable air, through a thermochemical conversion of biomass.
Chemical, biological and physical properties of biochar make it a great material with many
purposes [7]. The following Figure 1 presents some benefits of biochar.

Figure 1. Biochar benefits (adapted from [6]).
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2.1. Biochar Production

For biochar production, several thermochemical processes are used based on different
reaction conditions (amount of oxygen available) including pyrolysis, gasification, and
torrefaction. In this way, several types of reactors were developed for biomass production,
with the objective of achieving the highest quality and yield of the product. These reactors
differ in certain thermochemical parameters, such as oxygen availability, temperature, and
the rate of heating itself. Thus, these parameters vary the physical and chemical properties
of the biochar [8]. The following Figure 2 shows these several methods [8].

Figure 2. Biomass thermochemical conversion technologies for biochar production (adapted from [8]).

Biochar production quality heavily depends on the biomass’ compositions and prop-
erties. These parameters define the application fields, production, quality and toxicity
of biochar. Their stability is influenced by pyrolysis temperature, this being the main
parameter [9]. Biochar production involves a complex biochemical reaction process where
biomass undertakes decomposition, depolymerization and condensation in anoxic high
temperature conditions [4,8,10]. Several factors define the quality of biochar, such as pH,
specific surface area, porosity, nutrients, and carbon content, the latter being one of the
main factors. High carbon content is directly linked to a high-quality biochar [11].

2.1.1. Slow Pyrolysis and Fast Pyrolysis

Different studies have demonstrated that slow pyrolysis allows the production of a
quality biochar. This technique is characterized by using moderate temperatures
(350–500 ◦C) and low heating rates [8]. In addition, other operational parameters strongly
influence this type of pyrolysis, such as particle size, the atmosphere itself, the use of a
catalyst, etc. Veses et al. (2015), stated that improving the residence time of the raw material
and the pyrolysis vapor in contact, as well as the particle size and the ratio of catalyst in
the biomass can favor the quality and production yield of biochar. Furthermore, it was
mentioned that higher pyrolysis temperatures are very important for improving the quality
of biochar (expanding carbon content), and reduced heating rate can increase its production
in this type of pyrolysis [12].

Unlike the slow process, fast pyrolysis is characterized by the application of high
heating rates, temperatures around 500 ◦C, and residence times shorter than 2 s, with rapid
decomposition of the biomass [13]. As mentioned above, higher pyrolysis temperatures
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increase the carbon content of the product and its specific surface area [14]. However,
Chen et al. (2016), mentioned that increases in pyrolysis temperature, such as an increase
in the heating rate, reduces the production yield due to the release of volatile gases. Since
there is a shorter residence time, the amount of carbon deposition is reduced too [8].

2.1.2. Gasification

Regarding gasification, this process involves an incomplete combustion of biomass
using several gasifying agents (air, pure oxygen, steam) that occur at 700–1000 ◦C [8].
Briefly, the process involves three main reactions: the devolatilization of the biomass, the
combustion, and the gasification itself. Char from gasification is different from that obtained
through pyrolysis, essentially due to the oxidizing environment of the gasifier. This
environment affects the physical, chemical and morphological properties of biochar [15].
As mentioned above, the quality of biochar is directly related to the carbon content present,
which is essentially affected by gasification conditions. The main parameters are the
equivalence ratio, the properties of the raw material, pressure and the gasifying agent [16].
Several studies have shown that production yield decreases with increasing equivalence
ratio, since the gasification temperature increases and carbon content also decreases [17,18].

2.1.3. Torrefaction

In turn, the torrefaction process is a modern method of obtaining biochar from
biomass. This process is considered a mild pyrolysis, carried out at temperatures between
200–300 ◦C, under anaerobic conditions [18]. This method uses low heating rates and
long residence times [8]. As for fast pyrolysis, increasing the processing temperature leads
to a reduction in production yield. However, it is possible to achieve an energetically
denser material, correlated with larger destruction of the structural elements. In turn,
increasing the process time increases the calorific value of the biomass and has positive
effects on carbon content [19,20]. The structure and biomass composition have influence
on the process. For example, the size particles and the presence of heavy metals affect the
torrefaction mechanism [20].

In short, the higher the carbon content, the more superior the quality of the biochar.
In turn, the carbon content is higher when all volatile compounds are released from the
biomass. This occurs when slow pyrolysis is carried out, being considered a deeper
pyrolysis, using moderate temperatures over a long period of time. In this way, slow
pyrolysis yields a high-quality biochar [8]. In torrefaction, the biochar undergoes only a
lighter pyrolysis, with a low content of volatile compounds released, and there are not so
many chemical reactions [21].

2.2. Biochar Applications

The interest in conversion of biomass waste from agriculture and forestry to energy
production and carbon sequestration has been growing [22–24]. Carbon and energy content
in these wastes make them potential candidates for thermochemical process to produce
bioenergy and bioproducts [24]. In general, the many approaches to using biochar facilitate
zero waste and the interest of circular economy values [25]. Pyrolysis of biomass waste pro-
duces biochar with great capacity in agricultural, industrial and construction applications.
In addition, a bio-oil that can be burned to generate hot water, steam and/or electricity, is
also produced in the process, thus reducing amount of waste discarded [4]. Recently, the
manufacture and use of biochar has been widely developed worldwide. However, there
are great uncertainties surrounding the operations, costs and emissions associated with
wood processing [26].

As already mentioned, raw material quality, production technology and method
conditions mainly define the efficiency, quality and biochar toxicity, and thus affect the
subsequent biochar application strategy [4,27,28]. The physicochemical characteristic of
biochar reveal its distinct application perspectives, involving soil conditioning, composting
additive, building material, activated carbon, promoting anaerobic digestion and a list
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of potential uses that continues to expand [5,29–32]. As the number of biochar purposes
increases, so does the number of producers. However, it is neither financially nor ener-
getically viable to generate and apply biochar without standards or regulations for its
production and application [4]. To solve this problem, many countries are developing
their own standards. So far, the International Biochar Initiative (IBI) in the United States of
America and the European Biochar Certificate (EBC) are the most-usually used standards
all over the world. These two standards were built helping to decrease the health and
environmental risks correlated with the production and use of biochar, particularly in
agriculture. However, the two standards are voluntary industry guidelines. As biochar
has excellent potential for sustainability in several industries, these two guidelines appear
to be unsatisfactory to regulate the quality of biochar manufactured as a whole. With the
growing importance in biochar, many countries have their individual biochar policies in
line with IBI and EBC standards. Other nations, which presently do not have a biochar
standard, are controlling biochar usage with fertilizer or compost specifications [4].

Figure 3 shows some examples of promising biochar applications.

Figure 3. Promising applications of biochar (adapted from [33]).

2.2.1. Agriculture

Biochar application in agriculture has been extensively tested in the laboratory and
field, and it has been usually employed as a chemical component [34–36], or as a soil
corrective to enhance crop production, increasing nutrient availability [35,36], water reten-
tion capacity [36] and soil microbial activity [37]. Biochar can increase the pH of highly
acidic soils [38–40] and mitigate the release of heavy metals into the soil [40–42]. Several
studies have shown the advantages of biochar application as a soil conditioner and have
demonstrated its potential in that respect. Some of the main benefits are the decreasing of
greenhouse gas emissions and the mitigation soil infertility and desertification, improving
soil quality and crop yield [43]. This is justified by the inorganic content present in biochar
that acts as a nutrient and aids in fertilization [44]. As previously mentioned, biochar is
produced by the thermal decomposition of biomass in an oxygen-limited ecosystem while
composting is the natural biodegradation of organic material by the microbial commu-
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nity in aerobic conditions. Carbon-based compounds in compost degrades rapidly and
mineralizes so its valuable effects are quite short-lived, which is distinct from biochar,
which can endure in soil for a long time [45]. Biochar has also been applied as an addi-
tive to enhance the composting rate e.g., a combination of 35% over mushroom compost
with 20% biochar has been demonstrated to decrease the composting time to 24 days in
comparison to the more common 90–270 days [46]. The elevated porosity of biochar can
also enhance microbial development in the compost stockpile and consequently speed up
nutrient recovery [47]. The incorporation of biochar in poultry manure for composting
condensed the thermophilic stage and increased the highest temperature reached [48].
To manage the quality of biochar, it is extremely essential to determine its organic and
inorganic pollutions [49]. General organic and inorganic contaminants that affect biochar
quality are polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenols (PCBs),
dioxins, furans and heavy metals [50]. In addition to biochar contaminations, it is also
necessary to guarantee that biochar brings more advantages to its applications, such as
cation exchange capacity, moisture retention, nutrient retention, plant growth promotion,
heavy metals stabilization from soil or construction material, etc. The effectiveness of
biochar stabilization of heavy metals can be assigned to the high surface area of the biochar,
ability to raise the pH value, small-scale particle, etc. Nevertheless, if biochar is used
precisely for its toxicity assessment without soil, a toxic influence is commonly found in
living organisms [51]. This negative impact is basically caused by its elevated pH value
and potential contaminants, but once biochar is blended with soil in a correct percentage
(for example 1% or less), it generally has no noticeable toxic effect and it can improve plant
biomass and amount of microorganisms in the soil, which are positive impacts. Studies
show that the positive impacts are attributable to the biochar raw material, pyrolysis tem-
perature, biochar percentage and type of soil. The cleaner the biochar raw material is, the
less toxic the final biochar product is.

Another biochar application studied is soil remediation and amendment. Biochar
has been considered an appropriate matter for this purpose, allowing the absorption and
modification of pollutants, through their properties previously mentioned, associated with
physical adsorption on the surface and in micropore structures [52].

Biochar has great potential to sequester carbon from materials based on plants, binding
CO2 through long-term storage of carbon in soil. This ability is associated with the yield
of biochar, the content of stable carbon in biochar and the biochar stability in several
circumstances and timeframes of soils [53].

2.2.2. Wastewater Treatments

Regarding water purification, biochar can be used in wastewater treatments. Biochar
is efficient in the removal of several pollutants, as well as organic compounds (dyes, pheno-
lics, pesticides, polynuclear aromatics and antibiotic), nutrients and heavy metals. Heavy
metals are toxic, carcinogenic and non-biodegradable components, so their removal is
fundamental [54]. This capacity is justified by their absorbent ability in aqueous solutions
due their properties, such as porosity, pH, surface area, surface charge and mineral com-
position [55,56]. Concerning nutrients (nitrogen, phosphorus, sodium, potassium, etc.), if
their concentrations exceed the limits, these components become dangerous to the aquatic
ecosystem. Physical and chemical properties associated to biochar are of great significance
to the removal of these components, through various removal methods, involving electro-
static interaction, ligand exchange, precipitations with Mg2+ or Ca2+, complexation with
functional hydroxyl, surface sorption, etc. [56–58]. The same is observed in the removal
of other organic pollutants, since the efficiency is strongly affected by physical properties,
such as specific surface areas and pore-size distribution, surface functional groups and
hydrophobic nature [59].
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2.2.3. Building Materials

Another application of biochar is as a partial component of cementitious building
materials, specifically as a sustainable alterative to concrete cement, sand or another energy-
intensive additives used for concrete production [60–63]. Recent studies [61–65] have
established that biochar, made from several raw biomass materials under ideal pyrolysis
conditions, can lead to an enhancement in strength and biochar-mortar by 15–20% when
evaluated to control mixture. The filling of biochar particles can also promote a reduction
in capillary water absorption and water infiltration in biochar-mortar mix by 30–40%, thus
indicating reduction in water penetration and improved durability of the composite [64].
Heavy metal leaching is a common problem in waste heat treatment products, including
ashes and biochar, with a high level of heavy metal content being determined in sources [66].
Heavy metal contained in the biochar can run like leachate when structure builds are
exposed to rain and other weathering agents [67].

2.2.4. Activated Carbon

Biochar, with a large surface area and pore formation, can potentially be employed as
a low-cost activated carbon [68]. Nevertheless, beyond typical pyrolysis treatment of waste
biomass, the resulting biochar frequently shows poorer pore behavior than commercial
activated carbon. Therefore, several physical and chemical treatment processes were
proposed to convert crude biomass or low-grade coal into activated carbon [69]. Normally,
physical activation involves elevated temperature in the presence of steam, air, CO2, N2
and inert gases, and chemical activation was carried out utilizing nitric acid, phosphoric
acid, sulfuric acid and potassium hydroxide, among others [70–72].

2.2.5. Anaerobic Digestion (AD)

AD is an important expertise for organic waste remediation and bioenergy recovery,
thus performing a vital role in development the global circular economy [72]. In fact,
biochar has been supported as capable of increasing the AD process through quite a few
mechanisms. More precisely, it was found that biochar performs a crucial role in increasing
AD through several mechanisms, including promoting direct interspecies electron transfer
among different microbial species due to biochar’s good conductivity [73]; increasing micro-
bial growth through biochar’s immobilization effect [74]; adsorbing inhibitory compounds
such as heavy metals, ammonia and volatile fatty acids in anaerobic bioreactor [75] and
increasing the buffering capacity of the bioreactor due to the relatively high alkalinity of
the biochar [75–77].

3. Life Cycle Assessment (LCA) Definitions

The concern for the environmental impacts generated by the supply of products and
services to society has led to the growth of new tools and methods that aim to understand,
control and reduce these impacts. Life cycle assessment (LCA) can be characterized as a
compilation and assessment of inputs, outputs and potential environmental impacts of a
product or system throughout its life cycle. It is the most widely used assessment type
with wide international approval to measure environmental impacts [78,79]. LCA includes
entire supply chains, representing all the impacts that occur at different steps and locations
throughout the life cycle, regardless of particular processes’ physical locations [79].

For an LCA study to be validate, it is necessary to follow the steps stipulated by the
ISO 14040 standard, which consists of (i) defining an objective and scope; (ii) carrying out
an inventory with as much information as possible about inputs and outputs related to the
product or service; (iii) calculating environmental impacts; (iv) systematic and interactive
review to validate all information.

Several studies report the environmental benefits of using biochar in the most diverse
industrial areas. However, the safest way to affirm this is through LCA studies that
assess various environmental impacts, such as climate change and ozone layer degradation
among others.
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According to Matuski et al. (2020), many authors have used the LCA method to assess
biochar projects environmental impact, and these articles are systematically revised to
discover a general trend or some pattern. The differences in these studies’ contexts and
characteristics do not allow a direct comparison of results, limiting the spectrum of LCA
studies. However, biochar application brings substantial benefits, either by neutralizing
the emission of greenhouse gases from agricultural production or as a carbon sequestration
approach. There is also a great capacity for energy production using synthesis gas and bio-
oil byproducts. The advantages of carbon sequestration in biochar and energy production
generally overbalance the greenhouse gas emissions produced through the production
and handling of the raw material. On the other hand, the effect on another types of
environmental impact needs to be assessed and normalized with the intuition of observing
some negative effect to guarantee the project’s economic sustainability [80].

3.1. Scope and Objective

The LCA concept’s definition includes the full definition and description of the prod-
uct, process or activity, the choice of the functional unit to be used and establishes the
context in which the valuation must be made, identifying the limits, environmental effects
and the methodologies considered for the evaluation.

According to Zhu et al. (2022), for the particular case of LCA of biochar, the objectives
and scope are, in general, divided into two fields of research, the first one related to the
assessment of the impacts of manufacture and use with association of carbon footprint,
midpoint impacts, air pollutants, acidification and other parameters. On the other hand,
the second field of research is focused on energy consumption efficiency and economic
aspects [81].

Table 1 presents some articles that assess the environmental impacts of biochar pro-
duction and use. They are divided by a functional unit, reference system, software and
impact methodologies used and other focuses.

Table 1. LCA case studies for biochar (adapted from [82]).

Region Country Functional Unit Reference System Allocation + System Boundaries Ref.

Denmark 1 ton of dry seed Typical Danish rapeseed to
production. Crop cultivation included. [83]

Belgium, Spain,
Italy 1 kg product 1 ha/yr Compost, compost blend,

mineral fertilizer.
System expansion, cut-off (feedstock),

construction and pesticide omitted. [84]

Zambia Preparation and utilization
of 1 kg biochar x

System expansion—where applicable
avoided electricity production (diesel fuel

generator wood burning).
[85]

Canada Production of 1 ton (Mg)
biochar

Compare two different
temperature scenarios.

System expansion, switchgrass cultivation
included, energy production offset. [86]

Belgium 1 ton of biochar x

System expansion, energy and fertilizer
offset, cut-off (manure) þ all (willow

cultivation in marginal soils), pyrolysis
plant construction included.

[87]

Vietnam 1 ton of rice straw

Open burning of straw, two
seasons (spring and summer)
modelled, comparison with

enriched biochar.

System expansion, open burning of straw
eschewed. [88]

Finland 1 ton oat flakes Oat flows used as feed or
for energy. System expansion. [89]

China 1 ton of odt straw

Three straw utilization scenarios:
briquetting gasification,
pyrolysis two baseline
(reference) scenarios:

reincorporation, burning

System expansion, offset from avoided fuel
consumption. [90]
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Some authors used LCA study to measure the potential environmental impacts of
recovering nutrients from the soil using biochar [84]. Erison et al. (2022), performed an LCA
study envisaging the production of biodiesel using biochar as a catalyst [91]. Lefebvre et al.
(2021), evaluated the differences between sugarcane biomass and biochar to assess which
energy source emitted less CO2-eq in energy supply [92]. The objectives related to the use
of LCA in biochar are diversified, and often adapted to particular needs of the research.

The functional unit used varies within each study, e.g., in the study performed by
Field et al. (2013), the functional unit was the conversion of 1 ton of dry biomass into
biochar. In Hamedani et al.’s (2019), LCA study of biochar, the production of 1 ton of
biochar as functional unit was used. Xu et al. (2019), defined the functional unit of their
study as a “hectare of agricultural area used for one year” [87,93,94].

When considering the biochar systems’ main objective is the use or management of
biomass waste streams, upstream functional units are generally used, such as a dry or wet
raw material [90]. Another widely applied approach is related to downstream flows, where
functional units are primarily specified as the mass of biochar produced or the mass of a
crop produced in the treated field. Additionally, it is also common the combination of the
two methodologies, for example, a quantity of raw material that produces a certain amount
of biochar [95], or even multiple functional units [96]. In the study of Zhu et al. (2022),
the author infers that a commonly used functional unit can be the production of 1 kWh
of produced energy, stating that, in terms of comparison, one of the most recommended
functional units to be used is 1 ton of feed and 1 ton of biochar. [81]

When referring to the boundaries, in the scope of LCA, they can be called “cradle
to gate”, “gate to gate”, “cradle to grave” and “cradle to cradle”. Each type of boundary
system is described in the literature in accordance with the detail level of study. In brief, the
boundary system “cradle to gate” analyses environmental impacts from the extraction of
the raw material to the “entrance” at the factory, while the “gate to gate” system measures
the environmental impacts of one or more manufacturing processes. The “cradle to grave”
expression is used in the assessment of the impacts that cover the extraction of raw materials,
the use phase and the final disposal of the product. On its turn, the “cradle-to-cradle”
boundary methodology involves recycling and reuse processes [97], as shown in Figure 4.

 
Figure 4. LCA boundary system approach.

In a process of biochar production from agro-wastes obtained through pyrolysis,
Tiegam et al. (2021), stated that this system boundary can be classified as cradle-to-grave
or cradle-to-gate [98]. On the other hand, in the study carried out by Hamedani et al.
(2019), involving pyrolysis of pig manure residues for biochar production, its boundary
was characterized as cradle-to-grave [87].

In the study performed by Hammond et al. (2011), the frontier used was gate-to-gate
with the aim of calculating the impacts of producing 1 kWh of biochar. In another study
conducted by Dutta and Raghavam, (2014), the authors infer in their work that the most-
indicated boundary system for LCA studies focused on evaluating greenhouse gas was the
cradle-to-grave one [99].
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3.2. Life Cycle Inventory

Life cycle inventory (LCI) is the collection and quantification of all natural resources
consumed and all substances that are emitted into the environment by the life cycle within
life cycle phases expressed in the goal and scope definition of this study. The procedure of
collecting inventory data begins on the basis of the data requisite for each life cycle stage,
in particular the type of data needed for the stage: foreground or background. Foreground
data mean that the data are attributable to the target products precisely, while background
data can be obtained from special or temporal averages. LCIs are usually based on average
data of material and energy inputs (resources and energy used) and outputs (product,
waste and emissions produced) collected at a real site or estimated from the literature or
from developing studies performed prior to the LCA study [100]. The LCI has a necessary
step where elementary flows are included over time and space and is a demanding activity
that requires time and attention [101]. It is essential to understand that LCA and LCI are
both supported by concepts and assessment of energy consumption and mass balance,
based on the first law of thermodynamics related to the principle of energy conservation,
by which energy cannot be created or destroyed, but converted into another form. The
second law of thermodynamics is also a fundamental concept for understanding LCA,
being related to energy degradation; that is, some losses can be due to heat, radiation and
others. In this context, LCA makes an energy balance of materials between inputs and
outputs and calculates the environmental impacts through the difference between the loss
and energy efficiency [102,103].

Some authors declare that the inventory related to biochar production usually focuses
on feedstock, transport, pyrolysis process, use of biochar and end-of-life [104]. Dutta
and Raghavam (2014), in their work consider inventory, obtaining feedstock analysis, all
transports associated with biochar, pyrolysis process to obtain biochar and use of biochar
for energy production [99]. In the study carried out by Llorach-Massana et al. (2017), the
inventory was focused on the feedstock, where the feasibility of using tomato plant residues
from an urban garden was studied [105]. In other studies, the benefits of producing biochar
from rice field residues were analyzed [88].

In the study performed by Matuštík et al. (2020), LCI for biochar must contain
information on the raw material, land use, transport, energy used in pyrolysis, pyrolysis
gas emissions and, depending on the functional unit and borders, waste must be also
accounted for [82].

3.3. Life Cycle Impact Assessment (LCIA)

To understand the potential environmental impact of the use of natural resources and
the attempts created by the system, the LCIA stage is essential. In this methodology, flows
resulting from a product’s life cycle are aggregated into impact categories [82].

The same studies presented in Table 1 were compiled in Table 2 with LCIA method-
ologies, impact assessment and GWP results.

According to de Vries and de Boer, (2010), the environmental impact types considered
during the life cycle of a product are related to the use of resources such as earth or
fossil fuels and the emission of the pollutant’s ammonia or methane. Ferrão, (2009), and
Santero et al. (2011), considered categories of impacts on climate change, eutrophication,
acidification, depletion of resources and ecotoxicity, among others, where each type of
emission is related to one or more impacts [102,106,107]. The impact assessment uses
the inventory results to evaluate the potential of environmental impacts while providing
information for interpretation. In this phase, statistical techniques, such as weighting,
normalization and aggregation, are essential to comparing impact types and measuring
their relevance [100].
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Table 2. Study cases with LCIA methodologies, impact categories analyzed and GWP results (adapted
from [80]).

Study LCIA Methodology Impact Assessment Results Ref.

Thers et al. (2019) IPCC (2013) GWP 100 yr, 20 yr

171 kg CO2-eq/Mg dry seed (400 ◦C) and 111 kg
CO2-eq/Mg dry seed (800 ◦C) compared to

638 kg CO2-eq/Mg dry seed for oilseed rape
cultivation without biochar amendment =

significant GHG reduction.

[83]

Oldfield et al.
(2018) CML GWP, AP, EP Net negative—single value not presented. [84]

Smebye et al.
(2017) ReCiPe 2016 endpoint

GWP, PMF, land
occupation, FDP, þ all

ReCiPe 1 endpoint
categories

Only endpoint GWP value calculated. [85]

Brassard et al.
(2018) IPCC 2007 GWP

Scenario A (459 ◦C) −2110 kg CO2-eq/Mg
biochar, Scenario B (591 ◦C) −2561 kg

CO2-eq/Mg biochar.
[86]

Hamedani et al.
(2019) IMPACT 2002+, CML

All midpoint
(IMPACT) and

endpoint (CML)

IMPACT 2002+: −2063 kg CO2-eq/t biochar
(willow) and −472 kg CO2-eq/t biochar (pig

manure); CML: −2089.65 kg CO2-eq/t biochar
(willow) and −466 kg CO2-eq/t biochar

(pig manure).

[87]

Uusitalo and
Leino, (2019) IPCC (2013) GWP

Biochar production from oat side-flows leads to
GHG emission reduction of 350 k gCO2-eq/t oat
flake, buffer zone biomass biochar potential of

390 kg CO2-eq/t oat flake.

[89]

Clare et al. (2015) IPCC 2007 GWP −1.35 Mg CO2 e/odt straw [90]

There are several methodologies for calculating environmental impacts such as Recipe,
CML, Usertox, Carbon Footprint IPCC for parameters and others. According to Zhu et al.
(2022), the choice of impact category must converge with the goals. Yang et al. (2018), used
the CML methodology; Thers et al. (2019), used the IPCC methodology; Oldefild et al.
(2018), applied CML methodology and Smebye et al. (2018), assessed the impact through
ReCiPe methodology [82–85,103].

Several authors studying LCA on biochar have used methods such as Eco Indicator 99
and the ReCiPe midpoint approach to evaluate the entire biochar chain [108]. In the study
carried out by Hamedani et al. (2019), the use of two methodologies, IMPACT 2002+ and
CML, was applied to calculate environmental impacts [87].

When looking at Table 2 and considering all the differences in the limits of the system
such as functional units, among other parameters, the LCA results are not comparable. The
GWP results presented make a general balance of GHG that varies in value according to
the methodology used. According to a study by Brassard et al. (2018), in their work they
used biochar for soil correction and observed a GWP impact of up to 2561 mg CO2-eq/t
of biochar [86]; Mohammadi et al. (2016), revealed the carbon footprint of rice production
with a change in the biochar of 3.85 kg CO2-eq/kg. Nevertheless, the results showed
similar tendencies. However, when looking closely, the results show a certain tendency.
It is remarkable that the biochar–soil correction systems show a clear advantage from the
point of view of climate change [88]. Biochar production appraised the neutralization’s
impact of agricultural production when GHG emissions were positive, such as in the
case presented by Thers et al. (2019), and other studies. The processing of raw materials
and especially the pyrolysis system are the most important causes of GHG emissions,
not including agricultural production’s impact. In relation to the impact, it is normally
considered residual. The benefit of carbon capture and energy production from biochar,
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in addition to the advantages associated with the co-products generated, compensate the
GHG emissions caused by the biochar production itself [83].

Biochar application can contribute to carbon sequestration by increasing production,
reducing the use of fertilizers and reducing CH4 or N2O emissions, among other factors [84].

Other studies have been carried out with the aim of evaluating the influence of biochar
production on the impact categories. Concerning acidification and eutrophication potential,
agricultural processes, such as the application of fertilizers, are the most important sources
of negative impacts [84], as well as with regard to the impact of ecotoxicity categories [87].
Electricity from the network for pyrolysis and agricultural operation was reported as
another source of negative impact on acidification and eutrophication potential [109].

4. Life Cycle Cost Assessment (LCCA)

For a process to be viable, in addition to the environmental aspects, it is mandatory to
assess their associated costs. Life cycle cost assessment (LCCA) is a method of assessing
the total cost of a process. It takes into account all costs of acquiring, owning, operating
and disposing. LCCA is especially useful when project alternatives that fulfill the same
performance requirements differ with respect to initial costs and operating costs and should
be compared in order to select the one that maximizes net savings best.

In this context, conducting a complete LCCA of biochar-based products is an essential
step in the breakeven and viability of this technology during the project or industrial
application period.

Durairaj et al. (2002), reviewed models for LCCA [110], namely: (i) LCCA model of
Fabrycky and Blanchard; (ii) LCCA model of Woodward [111]; (iii) LCCA model of Dahlen
and Bolmsjo [112]; (iv) the activity-based costing (ABC) model [113]; (v) the economic
input–output LCA model [114]; (vi) the design-to-cost model (DTC) [115]; (vii) the product
life cycle costing (PLCC) to manufacturing system [116]; (viii) the total cost assessment
(TCA) model.

Fabrycky and Blanchard presented an elaborated LCCA model to approach detailed
cost analysis of all the costs related to the entire life cycle of either product.

The major advantage of this model is found in its detailed cost breakdown struc-
ture (CBS). First, they split the total cost of a product or a system into four categories,
respectively: (1) research and development costs; (2) production and construction costs; (3)
operation and maintenance costs; (4) retirement and disposal cost. This model comprises
the essential features of a holistic methodology to assess the life cycle and determine the
total cost of a product.

Woodward’s LCCA model was made to focus on planning and monitoring assets over
their entire life cycle—from the development stage through to disposal. The minimum
life cycle cost of the asset is given by the optimization of the trade-off among the cost
factors. This process requires the estimation of whole-life costs prior to making a purchase
choice for an asset from the accessible alternatives. This approach emboldens a long-term
perspective on the investment decision-making procedure [111].

Dahlen and Bolmsjö’s LCCA model aims to extend the application’s field and perform
an investment analysis when raising the production factor—labor. It considers all the
costs associated with an employee over their employment time. The costs of labor can be
graphed like the costs over the life cycle for production equipment [112]. In turn, the ABC
Model has the most likely-looking cost-effective evaluation in lifecycle design. Respecting
environmental matters, uncertainty must be considered due to the predominant lack of
hard data. When there is a lack of information and the existence of unexpected activities,
uncertainty conditions must be also used [113]. The economic input–output LCA model
is a new tool that can complement the conventional LCA and overcome its limitations.
The objective is to augment conventional economic input–output tables with appropriate
sectored environmental impacts indices, which are then used to analyze economywide,
direct and indirect environmental impacts of changes in the output of selected industries.
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This model represents all the supplier relationships in the supply chain for industrial
production. Its application was shown to be feasible, rapid and inexpensive [114].

In relation to the DTC model for manufacture systems, it provides a common method-
ology to merge cost modelling and quality function deployment (QFD) to assess the possible
trade-offs among the costs and performance of product alternatives in the initiation of the
production system’s design. The design-to-cost approach has a plan for choosing a system
design [115].

The PLCC model determines the life cycle expenses of capital goods such as machines
and manufacturing systems. In this methodology, single processes connected to the prod-
uct’s life cycle are expressed. With an intent to the redesign of present product structures, it
is feasible to derive approaches out the cost structures of the life cycle. The early stages of
the product life cycle are production, use and disposal or de-production. The design of the
product should be directed upon the needs of the use phase to reduce costs in the several
phases of the life cycle. A similar dependency comes up in the disposal phase [116].

The TCA model seems to be the most helpful and practical tool for small manufacturers.
It supplies a streamlined approach to identifying and quantifying the costs of pollution
prevention investments. It expands the scope of capital budgeting to comprise indirect
benefits, thereby increasing the magnitude of savings originated from pollution prevention
investments. The information requirements of TCA can be readily implemented in the
small business scenario.

It is not possible to create a single LCCA model that considers all the requirements,
yet it is possible to develop models to answer specific needs, such as the elaboration of an
ecological, sustainable and economical product.

Most of the related studies in the literature focus on the economic assessment of biochar
systems, such as the studies carried out by Roberts et al. (2010), and Galinato et al. (2011).
In these studies, is typical to find that the potential profitability of biochar production
systems is highly dependent on the feedstock used. In their study, Yoder et al. (2011),
proceed to model the trade-off between product yield and product quality as the conversion
temperature increases, exploring the implications of different production techniques and
resulting variations in the properties of biochar for overall system performance [117–119].

In another study, Homagain et al. (2016), found that, within the limit of life cycle
analysis, the economic viability of the biochar-based bioenergy production system is
directly dependent on pyrolysis costs and raw material processing (drying, grinding and
pelletizing), in on-site collection, and also in total carbon offset amount provided by the
system. Through a sensitivity analysis of the transport distance and the displacement
values, it was shown that the system is profitable in the case of high biomass availability
within 200 km and when the cost of carbon sequestration exceeds the 60 Canadian dollars-
per-ton carbon equivalent (CO2-eq) [120].

In the study performed by Clare et al. (2015), it was found that straw briquetting
for thermal energy is the most economical carbon reduction technology, requiring a subsi-
dized CAD 7 mgCO2-eq. However, China’s current bioelectricity subsidy scheme makes
gasification (net present value (NPV) CAD 12.6 million) more financially attractive to
investors when compared to briquetting (NPV CAD 7.34 million) and pyrolysis (NPV CAD
1.84 million). The potential for direct carbon reduction from pyrolysis (1.06 mgCO2-eq
per odt straw) is also less than briquetting (1.35 mgCO2-eq per odt straw) and gasification
(1.16 mgCO2-eq per odt straw). The authors conclude that the indirect carbon reduction
processes that results from biochar utilization can significantly improve the pyrolysis sce-
nario and carbon reduction potential, bearing in mind that improving the agronomic benefit
of biochar is essential for the pyrolysis scenario to compete as an economically viable and
cost-effective mitigation technology [90].

According to the study performed by Cleary, (2018), the added value of pyrolysis for
biochar production is more profitable than selling highest quality wood chips for cellulose.
The modelled biochar price ranged from CAD 3 to CAD 4/kg, quoted for 10 to 20 kg of
biochar packages. The pyrolysis cost was estimated at about CAD 150,000.00, the operating

13



Processes 2022, 10, 2684

cost around CAD 78,840.00, including labor and electricity. Thus, it can be concluded that
the costs are closely related to the technologies used in biochar production and also to the
feedstock used [121].

5. Final Remarks

Two of the most important domains facing specific challenges within the circular
economy are biomass and bio-based products. Materials based on biological resources can
be used for a wide range of products and energy uses. The bioeconomy offers alternatives
to products and energies based on fossil fuels and can contribute to the circular economy.
Bio-based materials can also have advantages linked to their renewability, biodegradability,
or the possibility of composting. On the other hand, the use of biological resources requires
attention to be paid to the environmental impacts of its life cycle and to its sustainable
supply. From a circular economy perspective, the cascading use of renewable resources
should be promoted, where appropriate, with various cycles of reuse and recycling. Bio-
based materials can be used in multiple ways, with the possibility of reusing and recycling
them several times, which is consistent with the application of the waste hierarchy and,
more generally, with options that lead to the best overall result for the environment.

Biochar is a solid, carbon-rich material generally obtained from thermochemical con-
version of biomass and respective carbonization in oxygen-limited environments and has
been proposed as a potential solution to climate change, energy security, degradation of
natural resources, food security and catastrophic forest fires worldwide. Biochar produc-
tion implies a complex chemical reaction process where biomass undergoes decomposition,
depolymerization and condensation in anoxic high temperature conditions. As was ex-
tensively discussed, the many strategies for using biochar facilitate zero waste and the
development of the circular economy. In addition, LCA has proven an excellent tool for
quantifying the potential of biochar utilization, as well as for fostering and managing its
production. Nevertheless, as was shown, multi-purpose applications of biochar make the
functional units and system boundaries of different cases variable. Additionally, although
these variables can be contextualized, they can barely be eliminated. Therefore, extensive
system boundaries and more inclusive inventory considerations must be integrated and
comprehensively analyzed in the LCA of biochar production. Although solid international
guidelines and frameworks are available to promote consistency, and most of the studies
follow the ISO standard for LCA, they still may consider different criteria and assumptions,
resulting in different outcomes, so the methodology should be unified allowing to compare
the results, at least to some extent. In addition, economic analysis through LCCA should
be encouraged to optimize the flows of sustainable biochar production.

Overall, despite all the differences in assumptions and methodologies adopted, LCA
proves that biochar is a very promising way of contributing to carbon-efficient resource
circulation, mitigation of climate change and economic sustainability.
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Abbreviation

AD aerobic digestion
EBC European Biochar Certificate
GHG greenhouse gas
GWP global warming potential
IBI International Biochar Certificate
LCA life cycle assessment
LCI life cycle inventory
LCIA life cycle impact assessment
PAHs polycycle aromatic hydrocarbons
PCBs polychlorinated biphenyls
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Abstract: Solar biomass gasification is an attractive pathway to promote biomass valorization
while chemically storing intermittent solar energy into solar fuels. The economic feasibility of a
solar gasification process at a large scale for centralized H2 production was assessed, based on
the discounted cash-flow rate of return method to calculate the minimum H2 production cost. H2

production costs from solar-only, hybrid and conventional autothermal biomass gasification were
evaluated under various economic scenarios. Considering a biomass reference cost of 0.1 €/kg, and
a land cost of 12.9 €/m2, H2 minimum price was estimated at 2.99 €/kgH2 and 2.48 €/kgH2 for the
allothermal and hybrid processes, respectively, against 2.25 €/kgH2 in the conventional process. A
sensitivity study showed that a 50% reduction in the heliostats and solar tower costs, combined
with a lower land cost of below 0.5 €/m2, allowed reaching an area of competitiveness where the
three processes meet. Furthermore, an increase in the biomass feedstock cost by a factor of 2 to
3 significantly undermined the profitability of the autothermal process, in favor of solar hybrid
and solar-only gasification. A comparative study involving other solar and non-solar processes led
to conclude on the profitability of fossil-based processes. However, reduced CO2 emissions from
the solar process and the application of carbon credits are definitely in favor of solar gasification
economics, which could become more competitive. The massive deployment of concentrated solar
energy across the world in the coming years can significantly reduce the cost of the solar materials
and components (heliostats), and thus further alleviate the financial cost of solar gasification.

Keywords: solar gasification; hybridization; hydrogen; biomass/waste conversion; syngas; economics

1. Introduction

Today, around 96% of hydrogen is generated from fossil fuels (78% from natural
gas and liquid hydrocarbons and 18% from coal) and only a low proportion of 4% is
generated from water electrolysis [1]. In industry, hydrogen is mostly generated using
carbon-based CO2-emitting methods, such as steam reforming of light hydrocarbons,
partial oxidation (POX) and autothermal reforming (AR) (which is a combination of the
two previous processes) followed by coal gasification. Although extremely dependent
on the price of natural gas, steam reforming remains the most preferred pathway for H2
production given that it reached a high state of maturity outlined by lower production
costs, usually below 2 $/kg of H2, including CO2 capture and sequestration [2,3].

Currently, the largest volumes of hydrogen, produced or commercially available, are
consumed in the chemical industry with a share of 63% for the production of ammonia,
methanol, polymer and resin industries. Refineries are the second largest hydrogen
consumers with a share of more than 30%, mainly for hydrocracking and crude oil
hydrotreatment. Metallurgical industry consumes around 6% of the share. It is followed
by general industries such as semiconductor, glass production, hydrogenation of vegetable
oils and fats, etc., with a minor share of 1% [4].
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Hydrogen, used as an intermediate chemical species for the above-mentioned pro-
cesses, is also seen as a promising zero-carbon footprint energy vector for massive storage
of intermittent renewable energies. Clean, i.e., CO2-neutral hydrogen, can be produced
using biomass or/and water as primary feedstocks. The most mature methods for decar-
bonized H2 production are water electrolysis and steam biomass gasification [5]. Possibly
powered by a renewable energy source such as solar or wind, electrolysis uses an elec-
trical current to split water electrochemically into separate streams of H2 and O2. Being
commercially available for over a century, current commercial electrolysers reach single-
stack/module capacities of several megawatts with conversion efficiencies up to 85% [6].
Biomass gasification has advantages from the extensive accumulated experience of fossil
fuels thermochemical gasification, which represents the state-of-the-art for industrial-scale
H2 generation. Biomass steam gasification produces a synthesis gas composed of both
H2 and CO at a high temperature (>900 ◦C). The syngas, therefore, needs to be upgraded
(shifted to hydrogen) and purified in downstream equipment. According to the IEA
Bioenergy’s report in 2018 [5], hydrogen production from biomass, as a complementary
route to increase the share of renewables, cannot be accomplished without the full-process
chain validation at a large scale, involving an optimal biomass gasification technology
capable of treating and converting a wide range of feedstocks.

Considering the growing demand of biomass in the future, the optimization of the
conversion systems to make the best use of biomass is an absolute necessity. A promising
way to save the biomass resource while maximizing the yield, quality and purity of the
synthesis gas consists of using concentrated sunlight as an external source of energy to
drive the endothermal thermochemical reactions instead of continually burning a part
of the feedstock. The process goal is to replace feedstock combustion totally (solar-only
systems) or partially (hybrid solar/autothermal systems), thanks to external heating using
high-temperature concentrating solar technologies.

The solar process viability for coal and biomass gasification has been thoroughly
studied at both laboratory [7–13] and pilot scales [14–16]. Accordingly, the extrapolation
of these solar technologies to larger scales for semi-central or centralized green solar
hydrogen production is auspicious in the future, in view of the increasing decarbonized
hydrogen demand. Although more environmentally friendly than the conventional
autothermal biomass gasification process (because it avoids the use of part of the biomass
source for process heat), the question of the solar process’s economic feasibility and
competitiveness arises. On the one hand, the solar process allows for the production of a
high-quality synthesis gas with a higher gas output per unit of feedstock, and on the other
hand, the solar process is highly dependent on an intermittent heat source, which requires
an initial substantial investment. The question is, therefore, not simple, and requires
detailed investigation to highlight both technical aspects related to the management
of the heat source variability [17–20] and economic and financial aspects for accurate
cost evaluation [21–23]. In a previous work [19], a dynamic mathematical model of an
up-scaled MW steam solar gasifier was developed. The model was used to assess the
transient behavior of the reactor for three successive days with and without cloud cover.
Different reactants’ feeding management strategies were proposed and compared, with
the aim of achieving enhanced syngas productivity and optimized use of solar energy. The
OPTI mode controlled the supplies (biomass and steam) in order to stabilize the reactor
temperature around a set point value (assumed to be 1200 ◦C) for as long as possible. The
HYB production mode used the OPTI mode when the solar irradiation was sufficiently
high, to gasify a minimum biomass flow rate (e.g., 1 t/h). Otherwise, the solar heating was
assisted by in situ injection of O2 to counteract the solar power decline and to maintain
the reactor temperature constant all day long. Annual data were generated thanks to the
dynamic model to estimate the feedstock consumption and syngas productivity under
real solar irradiation conditions.

In the present work, a techno-economic study was carried out using the dynamic
model predictions regarding the yearly gas production with the two recalled control
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strategies (OPTI and HYB). H2 cost at plant gate for the autothermal (non-solar), hy-
brid (solar/optimized-combustion) and allothermal (solar-only) processes operating at
different design capacities is evaluated using the DOE’s H2A tool for hydrogen cost
analysis [24]. Furthermore, a sensitivity study is performed to establish the impact of
different factors on the cost of hydrogen. Finally, the cost of hydrogen is compared with
other solar and non-solar processes for H2 generation.

2. Solar Hydrogen Cost Model

2.1. General Principle

The DOE’s H2A tool used in this study is based on the Discounted Cash Flow (DCF)
rate of return method. DCF analysis finds the present value of expected future cash flows
using a discount rate. The Internal Rate of Return (IRR) is the discount rate that cancels
the Net Present Value (NPV). The NPV calculation (Equation (1)) converts all the expected
future cash flows of a project into their “present value”, i.e., their value at the initial time,
at the very beginning of the project. Then, all the present values are added together to
characterize the overall value of the company’s project, in other words, the profitability of
the project. The NPV is the cash flow generated at the end of the project

NPV = −I +
p = N

∑
p = 1

Fp

(1 + i)p (1)

with I, the investment, Fp, the cash flow for year p, N, the total duration of the project
(years), ‘i’, the discount rate (it reflects the cost of capital, so it may take the value of the
market interest rate for a comparable duration, even though this value is often discussed).
In the DOE’s tool, ‘i’ is fixed and the model calculates the minimum hydrogen price so
that the NPV cancels.

The starting point is a reference conventional (non-solar) biomass gasification process,
previously developed by Mann and Steward [25]. The minimum cost of hydrogen was
calculated with an indirectly heated steam woody biomass gasifier (based on a dual
fluidized bed technology). The process model included biomass treatment and injection
units, the reactor, gas compressors and scrubbing units, followed by a steam methane
reformer (SMR), water gas shift reactors (WGS), and a Pressure Swing Absorption (PSA)
unit to reach a hydrogen purity above 99.9%. Hydrogen was thereafter compressed
to 7 MPa prior to shipment through a pipeline. In order to minimize the plant water
consumption, the water contained in the syngas was recovered at different points of the
cycle. Moreover, part of the electricity needed by the chemical plant was generated by
recovering heat from the high-temperature syngas. A heat-recovery system using a steam
turbine and a generator was, therefore, coupled to the chemical units. More details about
the energy/material inflows and outflows can be found in [25]. The solarization of such a
chemical process impacts a number of factors, including the capital investment, the O&M
costs, and the plant biomass, water and electricity consumptions. These factors were
estimated and integrated with the previously developed cost model using the dynamic
simulation results (for yearly productivity estimation), as well as the previously reported
Concentrated Solar Tower (CST) plants’ operational costs.

2.2. Cost Model Assumptions
2.2.1. Basic Flow Diagram

The solar powered chemical process was modeled using the measured solar data
(averaged over a 19-year period: 1991–2010) in Odeillo, in France. This region is charac-
terized by a high duration and quality of sunshine (more than 2.2 MWh/m2.year) with a
great clarity of atmosphere.

The basic process flow diagram is described in Figure 1. It consisted of a solar plant
composed of a heliostat field and reflecting towers (beam-down technology), and of a
chemical plant for biomass gasification and gas processing/purification. The gasifier
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was fed by both steam and air. Air injection was considered only when operating in
full autothermal or in hybrid (solar-combustion) modes. In the model, gas cleaning and
upgrading chemical units (such as WGS and PSA) were assumed to be able to withstand
rapid changes in gas flows and composition. WGS aims to react CO with H2O to produce
H2 and CO2, while PSA is used to obtain a pure H2 stream as a process output. The PSA
off-gas thus has no calorific value because CO is first shifted to H2 in the WGS unit, which
means the calorific value of CO contained in the produced syngas is recovered in the form
of H2 after WGS. As the aim was here to yield pure H2 (for purpose of comparison with
other H2 production methods), the remaining PSA off-gas was not further considered in
the study (the remaining PSA off-stream would consist of mainly CO2 and N2, but further
post-processing was not included).

 

Figure 1. Biomass solar gasification flow diagram.

2.2.2. Capital costs

(i) Direct capital costs:

The major chemical component costs (installed) at the chemical baseline (defined by
a design capacity DC of 155,236 kg of H2 per day) are presented in Table 1.

Table 1. Direct capital costs at chemical baseline (installed, to be scaled).

M€

Feed Handling and Drying 24.57
Gasification, Tar Reforming, and Quench 21.84

Compression and Sulfur Removal 20.28
Steam Methane Reforming, Shift, and PSA 39.39

Steam System and Power Generation 18.72
Cooling Water and Other Utilities 4.42

Buildings and Structures 19.26

These costs were scaled to different design points using Equation (2).

Component′i′costat DC = Component at chemical_baseline cost·( DC
Chemical_baseline DC

)
nchemical

(2)

with nchemical = 0.78 [25] and DC in kg of H2 per day.
The heliostat field cost at DC was calculated by Equation (3).

Heliost costat DC = Mirror re f erence cost. f ield sur f ace at DC (3)
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f ield sur f ace at DC = f ield sur f ace at solar_baseline· DC
Solar_baselineOPTI,HYB DC

(4)

The mirror reference cost in €/m2 was assumed to be equal to 120 €/m2 based on
reference [26]. The solar baseline was defined by a thermal power input on the solar
field of 10 MWth (at a Direct Normal Irradiance DNI of 1000 W.m−2). Thus, Solar_baseline
OPTI, HYB DC was directly deduced from the previously developed dynamic model [19].
It was estimated at 1402.0 kg H2/day for the OPTI mode and 4196.1 kg H2/day for the
HYB mode. The field surface at solar_baseline in m2 was calculated by Equation (5).

f ield sur f aceat solar_baseline =
Qsun→ f ield,max

DNImax
(5)

with Qsun→field,max = 10 MW and DNImax = 1000 W.m−2.
Similarly, the tower cost at DC was calculated by Equation (6).

tower costat DC = tower costat solar_baseline· DC
Solar_baselineOPTI,HYB DC

(6)

As tower costs in the literature are often expressed in € per MWe, tower cost at solar_baseline
was deduced from Equation (7), assuming a solar-to-electric efficiency ηsolar-to-electric of
30% [27] including the receiver thermal efficiency and a field efficiency ηopt,field of 70% [28].

tower costat solar_baseline = tower cost in /10 MWe·(ηopt, f ield·ηsolar−to−electric) (7)

Tower cost per 10 MWe was considered equal to 2 M€ based on the data provided by
Becker et al. [29] in the Ecostar roadmap;

(ii) Indirect depreciable capital costs:

The site preparation, engineering and design, project contingency and up-front
permitting costs were calculated by applying a percentage to the sum of the direct capital
costs of the overall plant (solar and chemical). These percentages were, respectively, 2%,
10%, 15%, 15%;

(iii) Non-depreciable capital costs:

The cost of land, which can greatly vary depending on the plant’s location, was
varied from 0.5 to 50 €/m2. A typical serviced land in Odeillo costs up to 150 €/m2 while
bare land in rural regions costs only few cents to few euros per m2. Equation (8) was used
to estimate the plant land cost.

Land cost = Chemical land cost + Solar land cost (8)

The chemical land cost was calculated by Equation (9).

Chemical land cost = land cost per m2.(
DC

Chemical_baseline DC
)

nchemical
.Chemical. land requiredat Chemical_ baseline (9)

where the chemical plant land required at baseline design capacity was assumed equal to
20.2 hectares. The solar land cost was calculated by Equation (10).

Solar land cost = land cost per m2.solar f ield sizeat DC (10)

The solar field size at DC was considered seven times the field surface at DC (Equation
(4)) according to the PS10 plant data in Spain [30].
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2.2.3. Fixed Costs

The total plant staff was calculated by Equation (11).

Plant sta f f = Chemical plant sta f f + Solar plant sta f f (11)

Chemical plant sta f f = chemical plant sta f fat Chemical_ baseline· DC (kg H2/day)
Chemical_baseline DC (kg H2/day)

0.25
(12)

The chemical plant staff at chemical_baseline was considered equal to 54. The CST plant
associated one operator for each 6.25 hectares of mirrors, following the equation provided
by Sargent and Lundy [31]. The total plant staffing cost was thus deduced, assuming a
burdened labor cost of 54 €/person/h. The general and administrative expenses were
estimated as 20% of the total plant staffing cost. The property taxes and insurance were
assumed to be equal to 2% of the total capital costs, and the material maintenance costs
and repairs were assumed to be equal to 0.5% of the project direct capital costs.

2.2.4. Utilities, Feedstock and Variable Costs

(i) Water:

Water was used for different purposes, beyond its main role as a biomass oxidizer.
Water was used to clean (by removing impurities such as particulates and tars residuals)
and to shift the syngas into hydrogen. An important amount of water was also used
for the cooling of syngas at the exit of the gasification unit and after the last stages
of compression. It was also substantially used for heat rejection in the condenser and
as a makeup for the steam cycle. Design calculations allowed for estimation of the
process water consumption at about 3.8 L/kg of H2. The cooling water consumption
was considerably higher, at around 300.0 L/kg of H2 [25]. Additional washing water
was required for the solar-powered chemical plant due to the periodic cleaning of the
mirrors. Considering a washing water consumption Vwater of the heliostat field of 18
L/MWhth,on field [32], the amount of required water per kg of H2 was deduced from
Equation (13). The total cost of water per kg of H2 was hence calculated by Equation (14)

Washing water = Vwater·
Qsun→ f ield,max

Solar_baselineOPTI,HYB DC
(13)

Cost o f water = (Washing water + Process water). C2 + Cooling water. C3 (14)

with C2 = 6.1 × 10−4 €/L and C3 = 3.0 × 10−5 €/L;.

(ii) Electricity:

The different chemical plant sections consumed electricity to different extents. The
compression of syngas was the most energy-demanding step in the process, representing
up to 60% of the total electricity requirement. The heat recovery system generated most
of the power. The deficit in electricity was, therefore, directly supplied by the grid. In
conventional CST plants, the electrical requirement comprises the Heat Transfer Fluid
(HTF) pumping, along with the electricity used for tracking the solar rays, which remains
very low. As there is no HTF in the proposed solar gasification concept, and as the energy
of the tracking is of minor significance [33], the electricity requirement of the solar plant
was neglected. The overall process electricity requirement (supplied by the grid) was
estimated in the previous cost model [25] at 0.98 kWhe/kg of H2, with a cost of electricity
of 0.1 €/kWh;

(iii) Biomass:

Biomass consumption varies depending on how the gasifier is heated. In solar
gasification, the available solar energy is collected, then concentrated by a field of mirrors
and towers to ensure the complete and total conversion of the biomass load. In a purely
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autothermal mode, the reactor is heated solely by burning part of the feedstock. In
the hybrid mode, the biomass is partially burned, but to a lesser extent than in pure
autothermal mode, as it is complemented by solar power when available. The prediction
of the biomass consumption (expressed in kgbiomass,dry/kg of H2) for the three modes,
OPTI, HYB and autothermal, was done based on the annual simulations. The biomass
consumption of the three modes (OPTI, HYB, autothermal) used in the economic analysis
are, respectively, 5.8, 8.7, and 9.7 kgbiomass,dry/ kgH2;

(iv) Other costs:

Other costs include catalysts and bed materials, environmental surcharges, waste
treatment and solid waste disposal. These costs are recalled in Table 2 at the chemical
baseline design capacity.

Table 2. Other variable operating costs.

M€

Other materials 7.00
Waste treatment 1.20

Solid waste disposal 0.73
Environmental surcharges 0.13

The scaling to different design capacities followed Equation (15) [25].

Scaled variable cost = 1.426.Baseline cost· DC (kg H2/day)
Chemical_baseline DC (kg H2/day)

(15)

3. Results and Discussion

3.1. Design Parameters

Table 3 shows the calculated design parameters in the three plant configurations.

Table 3. Comparison between the three studied processes at DC = 150,000 kgH2/day.

Autothermal Hybrid Allothermal

Plant size (hectares) 19.7 250.2 748.9
Solar power on field (MW) - 357.5 1069.9

Biomass consumption (tdry/day) 1.45 × 103 1.30 × 103 0.87 × 103

Water consumption (m3/day) 4.58 × 104 4.60 × 104 4.63 × 104

Annual Cold Gas efficiency [19] 0.80 0.93 1.34
CO2 emissions (t/day) [19] 1.04 × 103 5.78 × 102 29.5

The plant land surface area dramatically increases by 12 times in the hybrid mode
and by up to 37 times in the allothermal mode. The solar power is, therefore, 67%
lower in the hybrid mode compared to the allothermal mode, at the expense of a greater
biomass requirement. In fact, around 0.43 × 103 t/day more biomass is needed to power
the reactor during hybrid and full-autothermal phases, which represents about 30% of
the total feedstock consumed by the hybrid process. The interest in the allothermal
process lies in its high CGE, which by far exceeds those of the hybrid and autothermal
processes. The process water requirement, which includes the heat-recovery system for
local power generation, is hardly impacted by solarization, as water consumption due to
mirror cleaning represents only a small proportion of the total plant water requirement.
CO2 direct emissions due to gasification process (reactor heating and/or gasification
reaction) are, on the other hand, 35 times lower in allothermal solar gasification because
no combustion is used for process heat supply in this case. The overall carbon balance
includes additional greenhouse gas emissions, which are released during the different
phases of the solar plant’s life-cycle, i.e., during raw material extraction, manufacturing
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and assembly, transport, construction, site improvement, maintenance, replacements,
dismantling/disposal and/or recycling. The application of credits for CO2 mitigation and
pollution avoidance will further enable the solar thermochemical technologies to compete
favorably with fossil-fuel-based processes or autothermal technologies.

3.2. Cost Assessment
3.2.1. Key Parameters

The project was assumed to start in 2030 with a construction period of three years. It
was financed through equity contributions and debt. All the financial inputs used in the
economic study are recapped in Table 4. Hydrogen cost evaluation was carried out with
a fixed operating capacity factor (CF) of 80% (accounting for possible maintenance and
outage times). Due to the novelty of the project that may discourage some of the investors,
the IRR was varied from 8% to 16%. The impact of equity financing (%) and the IRR on
the cost of hydrogen for the three presented configurations is shown in Figure 2 (at a DC
of 150,000 kg H2/day, a biomass reference price of 0.10 €/kg and a land cost of 12.9 €/m2).
Due to the possible variability of the reference values for investment and operational costs
estimations (depending on seasonal variations, biomass type, plant location, exploitation
period, etc.), several sensitivity studies are proposed in the following discussion.

Table 4. Financial inputs.

Start-up time (years) 1

Analysis period and plant life (years) 30

Length of construction period (years) 3

% of Capital spent in 1st, 2nd and 3rd year of construction 8%, 60%, 32%

Depreciation Schedule Length (years) 20

Depreciation Type MACRS

% of Fixed Operating Costs During Start-up (%) 100%

% of Revenues During Start-up (%) 50%

% of Variable Operating Costs During Start-up 75%

Decommissioning costs (% of depreciable capital investment) 10%

Salvage value (% of total capital investment) 10%

Inflation rate (%) 1.9%

Interest rate on debt 3.7%

Total Tax Rate (%) 25.7%

Working Capital (%) 15%

 
Figure 2. Impact of equity financing (%) and IRR on the cost of H2 (DC = 150,000 kg H2/day and a biomass reference price
of 0.1 €/kg and land cost of 12.9 €/m2).
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It can be seen that these two purely financial parameters have a considerable impact
on the price of hydrogen, which varies from 2.41 to 5.15 €/kgH2 for the solar-only heated
process, from 2.15 to 3.72 €/kgH2 for the hybrid process, and from 2.03 to 3.02 €/kgH2 for
the autothermal (non-solar) process. The increase in equity financing (at the expense of
less incurred debt) drives up the cost of hydrogen markedly; for instance, for an IRR of
8%, an equity increases from 0% to 100% raises the cost of hydrogen by 37%, 25% and 18%
(solar-only, hybrid, and autothermal, respectively). The influence of equity percentage
on hydrogen price is, therefore, much greater for the allothermal process that required
the largest initial capital investment. In such cases, the capital investment of the major
pieces of equipment (installed) at DC = 150,000 kg H2/day is 335.7 M€, while it is around
201.0 M€ for the hybrid process and only about 137.01 M€ for the non-solar autothermal
process. The new shares issued by the increase in equity contributions hence provide
more room to launch the investments, but, on the other hand, imply greater production
costs.

In the following, a percentage of equity of 40% with an IRR of 10% is considered.
The overall study reference assumptions are recapped in Table 5. The breakdown of the
direct capital costs of the studied plants is shown in Figure 3. In the solar-driven processes
(solar-only and hybrid solar/autothermal), the heliostat fields hold the largest share of
the investment. It contributes to approximately 44% (solar-only) and 24% (hybrid) of
the overall direct costs, in agreement with previously reported conventional CST plant
values [34,35]. The smallest solar plant size required for the hybrid process leads to a
reduced hydrogen price from 2.99 (allothermal) to 2.48 €/kgH2 (hybrid). The autothermal
process is the cheapest, with a hydrogen price of 2.25 €/kgH2.

Table 5. Reference assumptions.

Biomass cost (€/kg) 0.10

Land cost (€/m2) 12.9

Mirror cost (€/m2) 120

Tower cost (M€/MWth) 0.42

DC (kg H2/day) 150,000

Electricity cost (€/kWh) 0.10

Water cost (€/m3) 0.61 €/m3 (process), 0.03 €/m3 (cooling)

Figure 3. Direct capital investment breakdown (at reference assumptions, Table 5).

Figure 4 shows, in detail, the specific contribution of each item in the plant on the
total cost of hydrogen. Solarization respectively increases the capital and the O&M costs
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by more than three times and up to 46% (in the allothermal configuration). Moreover, the
feedstock cost for the hybrid and the autothermal processes is the most predominant, and
contributes to nearly 37% and 39% of the total hydrogen production cost (at plant gate).
The allothermal process consumes less biomass, and, therefore, the feedstock cost is lower,
representing barely 20%. This is approximately 1.6 times less than for the autothermal
process. The impact on the plant variable costs and utilities remains very limited, showing
a relative variation of only 2%.

Figure 4. Specific contribution of each project component.

In the following sections, the influence of solar investment and biomass feedstock
costs, as major economic factors affecting the minimum hydrogen price, is studied. A
sensitivity analysis is carried out on these parameters to examine their impact on the
profitability, the competitiveness and the relevance of the projects.

3.2.2. Impact of Solar Investment

The solar investment represents a high proportion of the overall project expenditure,
which may be high enough to undermine the economic attractivity and viability of solar
processes. In coming years, and in view of the increasing deployment of solar energy
worldwide, the solar investment effort is expected to drop appreciably [26]. In fact,
innovative designs and new technological solutions are studied intensely at present in
many research laboratories with the objective of increasing the concentration efficiency
and the durability of the materials. In conjunction with the economy of scale, this
should reduce the solar costs to a certain extent, for the benefit of solar and solar hybrid
gasification. In this respect, the influence of a possible cost reduction of the main solar
compounds (i.e., heliostat field and towers) on the minimum hydrogen price was studied
(Figure 5).

Figure 5. Impact of solar technologies cost reduction on the hydrogen minimum price.

29



Processes 2021, 9, 462

It can be observed in Figure 5 that the solar allothermal process is the most costly.
Moreover, the decline in the heliostat and tower costs results in reducing the hydrogen
minimum price in a more pronounced fashion in the allothermal configuration. In fact, a
50% cost reduction declines the price of hydrogen by 0.37 €/kgH2 for the allothermal pro-
cess, and by 0.12 €/kgH2 for the hybrid process. The intersection between the two curves
is achieved only when the cost reduction is beyond 95%, which is practically unattainable.
In any case, and whatever the cost reduction, solar and solar hybrid hydrogen generation
remains more expensive as compared to the conventional autothermal process, which is
due to major additional costs related to the heliostat field and tower, plant land, mainte-
nance and staffing. Design calculations allowed for estimating the total area occupied
by the solar plants (allothermal and hybrid): the heliostat field surface at DC = 150,000
kg H2/day is estimated at 11.5 km2 for the allothermal process and at 3.9 km2 for the
hybrid process. This represents nearly 57 and 20 times the required chemical plant land
surface. Figure 6 shows the impact of the land cost (varied between 0.5 and 50 €/m2)
on the hydrogen minimum price. The graphic shows the importance of the choice of
land, which, apart from being highly irradiated and allowing for continuous biomass
supply, must be economically profitable. In fact, a quite significant decrease in the cost of
hydrogen from 2.99 €/kgH2 at reference land cost (12.9 €/m2) to 2.63 €/kgH2 at 0.5 €/m2

is observed for the allothermal process. As the hybrid plant occupies a smaller area, the
hydrogen minimum price decreases less markedly, by 0.16 €/kgH2 against 0.36 €/kgH2, in
the allothermal process. On the other hand, the autothermal configuration is almost insen-
sitive to land cost, showing a relative H2 price variation of less than 0.5%. Additionally, a
50% reduction in the heliostats and solar towers costs, combined with a lower land cost
below 0.5 €/m2, allows for reaching an area of competitiveness where the three processes
meet. This could also correspond to a more favorable plant site in which the solar resource
is greater, e.g., Chilean desert, although the cost of water may be somewhat higher in
desert locations.

Figure 6. Impact of land cost on the hydrogen minimum price (solid lines: reference assumptions, Table 5; Chain-dotted
lines: 50% cost reduction on heliostats and towers).

Another important parameter affecting the level of solar investment is the plant design
capacity. This parameter was varied in Figure 7 from 20,000 to 150,000 kg H2/day to analyze
its impact on the solar/chemical direct costs and on the hydrogen minimum price.

It can be observed that the solar direct costs of allothermal process grow at least two
times faster than the hybrid process solar direct costs and the chemical facilities costs
(reaching a maximum value of 202.3 M€). Conversely, the increase in plant design capacity
reduces the hydrogen minimum price by up to 25%, 34%, and 39% for the allothermal,
hybrid, and autothermal processes, respectively. Additionally, due to the sharp rise in the
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solar facility costs, the relative difference in hydrogen minimum price between the solar
processes and the autothermal process goes up from 18% (allothermal) and 6% (hybrid)
at 20,000 kg H2/day to 32% (allothermal) and 10% (hybrid) at 150,000 kg H2/day. This
suggests that, upon scale-up, the competitive gap between the conventional and the solar
processes increases. However, this may be due solely to the linearity assumption that
was adopted in (Equations (3)–(6)) between the solar costs and the production capacity.
As a matter of fact, solar costs prediction is not straightforward and relies on uncertain
data. Generally speaking, heliostats field scale-up depends on many factors, such as the
design of individual mirrors, their number, their arrangement, their sub-composition
and their reflective properties. Larger solar fields impair the quality of concentration
and suffer from amplified atmospheric attenuation (due to a greater heliostat-to-receiver
slant path) [36]. At the same time, larger solar fields involve higher solar power inputs
that allow the use of larger cavity receivers (i.e., gasification reactors), which reduce
the energy losses (due to a better absorption of radiation), and thus positively impact
the solar costs. A power law with a global scaling exponent factor of 0.7 accounting
for these trends was previously used by Kromer et al. [37] for assessing hydrogen cost
of several solar thermochemical processes. The impact of this value on the solar costs
and on hydrogen minimum price is shown in Figure 7 (scaling exponent factor = 1 in
the base case and 0.7 for the dashed lines). The results show that the trends strongly
vary with the scaling exponent. The solar costs decline by approximately 72% for the
allothermal process and by 60% for the hybrid process at 150,000 kg H2/day. In the
same way, the hydrogen price for the allothermal process sharply drops to 2.09 €/kgH2
at 150,000 kg/day, against 2.22 €/kgH2 for the hybrid process and 2.25 €/kgH2 for the
autothermal process. This highlights the necessity of a proper field layout optimization
during the scale-up to maximize the energy/materials savings and further reduce the
hydrogen cost.

Figure 7. (a) Direct costs at different design capacities separated in two parts: solar and chemical and impact of scaling
exponent factor; (b) Hydrogen minimum price for different design capacities and impact of scaling exponent factor. For the
base case (solid lines), the scaling exponent factor is taken equal to 1 for the solar part.

The feedstock cost is another crucial parameter to be studied (Figure 4). Its impact
on hydrogen cost is presented in the following section.

3.2.3. Impact of Feedstock Cost

The cost of the feedstock is a key dynamic parameter that evolves with different
factors such as local supply chains, resource availability, sustainability criteria, political
choices or competing uses of biomass. In this part of the study, the biomass price was
varied in the 0–1 €/kg interval to cover a large range of woody and non-woody biomasses
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(such as food waste, agricultural and crop waste, and Solid Recovered Fuels) and also a
potential increase in the resource price (due, for instance, to the increasing pressure on
the resource in the incoming years or to extra-cost associated with additional required
feedstock pre-treatment). Figure 8 shows the hydrogen cost as a function of the biomass
price for the three studied processes (at reference conditions represented by solid lines).
Two additional scenarios are considered: the first one assumes a 50% cost reduction of
the heliostat field and towers (at reference land cost) and the second one assumes (in
addition) a land cost of 0.5 €/m2. Two zones on these graphs can be observed for each of
the considered solar scenarios: one zone when the biomass price is below a critical value
and one zone when the resource price is above. In the first zone, the autothermal mode
prevails and imposes lower production costs. In the second zone, a significant reversal
trend occurs in favor of the solar processes. Table 6 shows the critical biomass prices at
the intersection between the autothermal and solar processes curves. It can be seen that
the trend turnaround occurs faster in the allothermal process than in the hybrid one at
reference assumptions. In fact, it takes place at a biomass critical price of 0.29 €/kg (for
the allothermal mode, which represents three times the reference biomass price), against
0.37 €/kg for the hybrid configuration. By reducing the solar equipment cost by 50%,
the turnaround biomass price decreases by about 31% for the allothermal mode and by
38% for the hybrid mode (at reference land cost). It decreases even more, by a total of
69% (allothermal) and 84% (hybrid), when the land cost is set to 0.5 €/m2. In the latter
scenario, the turnaround occurs earlier in the hybrid process.

 

Figure 8. Impact of biomass cost on hydrogen minimum price; (a)-solar-only, (b)-hybrid.
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Table 6. Turnaround biomass price (€/kg): autothermal/solar, DC = 150,000 kg H2/day.

Autothermal/Allothermal Autothermal/Hybrid

Reference assumptions 0.29 0.35
+50% reduction on (heliostats + towers), land cost = 12.9 €/m2 0.20 0.23
+50% reduction on (heliostats + towers), land cost = 0.50 €/m2 0.09 0.06

In summary, the analysis shows that a slight increase in the price of the feedstock
undermines the autothermal process. The better use of biomass provided by the solar
processes clearly limits the increase in hydrogen cost, especially when combined with
lower solar plant and land costs. Zero or even negative-priced feedstocks remain more
profitable using the conventional autothermal process. However, in the case of waste
gasification, CO2 emissions and environmental impact should be considered if carbon is
not renewable (e.g., plastic waste). Direct CO2 emissions released by the solar processes
are negligible or significantly lower than those from the current autothermal processes.
Solar gasification processes thus have favorable long-term prospects because they avoid
or reduce costs for CO2 mitigation and pollution abatement. Moreover, due to the more
heterogeneous nature of waste, its conversion implies additional costs, to deal with syngas
impurities, especially the H2S content that is a major corrosive constituent. More costly
reactor materials and gas cleaning units are thus required for waste feedstock.

3.2.4. Impact of Environmental Subsidies

As shown in Table 3, solar gasification avoids, respectively, 3.08 and 6.73 kg of
CO2 (due to reaction) per kilogram of H2 in hybrid and allothermal processes, which
is significant. Although a detailed analysis has not yet been published comparing the
three processes based on environmental criteria, important and achievable CO2 emission
mitigation is greatly expected thanks to solar heating. In fact, a conventional CSP tower
plant generates barely 38 g of CO2/kWhe [38], which is far (more than 10 times) lower
than the 750–900 g of CO2/kWhe generated by conventional Integrated Gasification
Combined Cycles (IGCC) power plants when no CO2 capture is considered. The cap-
ture/sequestration of 80% of CO2 during operation decreases the net emissions to about
200 g of CO2/kWhe, resulting in a total saving of more than 550 g of CO2/kWhe [39].
In this sense, solar-driven processes can drastically reduce the Greenhouse gas (GHG)
emissions, which allows them to take advantage of carbon pricing and environmental
subsidies to improve their economic balance and their competitiveness. Indeed, the
application of credits for CO2 mitigation and pollution avoidance will further enable the
solar thermochemical technologies to compete favorably with conventional processes.
Carbon price varies from country to country [40], and, in France, it is estimated to be
100 €/t CO2 in 2030 according to Quinet report [41]. In Europe, carbon prices are expected
to double by 2021, and even quadruple to reach up to 55 €/t CO2, as stipulated in the
Paris climate agreement [42]. In this section, the impact of possible capital subsidies due
to CO2 emission reduction is studied. The total subventions were calculated on the basis
of the amount of CO2 that would have been emitted by the conventional process. For
allothermal gasification, the subvention was estimated at 14.74 M€ (6.73 × 150,000 × 80%
× 365 × 50/1000) and at about 6.74 M€ for the hybrid process (3.08 × 150,000 × 80%
× 365 × 50/1000) for DC = 150 000 kg H2/day, a capacity factor of 80% and a capital
subsidy of 50 €/tCO2. Figure 9 shows the impact of CO2 subsidies on hydrogen cost.

At reference conditions, the intersection between the curves (autothermal and solar
processes) takes place at CO2 subventions of 82 €/tCO2 (allothermal) and 55 €/tCO2
(hybrid). Considering a cost reduction for heliostats and towers of 50% and a fixed envi-
ronmental subsidy of 30 €/tCO2, the biomass turnaround price goes down to 0.14 €/kg
and 0.09 €/kg (lower than reference cost ~0.1 €/kg) for the allothermal and hybrid pro-
cesses, respectively. This confirms that subsidies can play a key role in the reduction in
solar hydrogen costs.
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Figure 9. Impact of CO2 subsidies on hydrogen cost

3.3. Comparison with Other Hydrogen Production Methods

This part of the study gives insights into hydrogen production costs with different
technologies, such as biomass gasification, coal gasification, natural gas reforming and
water electrolysis (based on a solid oxide technology). Previously developed NREL cost
models were used for this purpose [43]. The financial inputs of all the technologies
are the same as those presented in Table 4, and the operating capacity factor is fixed
to 80%. To focus on the comparison with low-carbon technologies, the considered coal
gasification and natural gas-reforming models integrate carbon capture and sequestration
units that remove CO2 from syngas before storing it in underground reservoirs. The
reference primary resources costs used in this section are: biomass cost = 0.1 €/kg, coal
cost = 0.04 €/kg, NG cost = 0.01 €/kWh, electricity cost for electrolysis = 0.10 €/kWh.
Figure 10 shows the hydrogen minimum price of the different technologies. The grey
bars show the sensitivity to the primary resource price (electricity price for electrolysis;
process water was fixed to 0.61 €/m3) when it increases from zero to twice the reference
cost.

Figure 10. Hydrogen production cost and sensitivity on the primary resource cost (electricity for
electrolysis) when ranging from zero to twice the reference cost (Table 4).

It can be seen that natural gas reforming is the most profitable process so far, with a
hydrogen production cost of only 1.28 €/kg. This process is followed by coal (1.69 €/kg)
and biomass gasification. The difference between these three processes is mainly due to
two factors: the cost of the primary resource and the capacity of the plant. Clearly, due
to the low fossil fuel cost, fossil-based processes are the most competitive on the market.
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Moreover, very large plants can be envisaged, which lowers the price of hydrogen even
further thanks to the economy of scale. The cost of hydrogen produced by electrolysis is
much higher than that of the other processes (5.48 €/kg), and shows a greater sensitivity to
primary resource cost. It can be seen that, for a zero-resource cost, the price of hydrogen
produced by electrolysis decreases drastically to 1.68 €/kg, making this technology
potentially more competitive when recovering and valorizing unusable electricity (due,
for example, to lack of demand and storage). Although coal gasification plant capacity
is seven times larger than that of biomass gasification (and, therefore, benefits from the
economy of scale), it appears that, for low feedstock costs, hydrogen price is almost the
same in both configurations. This is due to the extra costs entailed by CO2 capture and
sequestration operations (which are not considered in biomass gasification). Finally, NG
reforming with CO2 capture and sequestration is the cheapest process with a hydrogen
cost below than that of coal and biomass gasification (solar and non-solar), making this
technology the most economically attractive option at present for decarbonized hydrogen
generation.

It is essential to recall that other solar thermochemical processes are prospected for
the generation of solar fuels. In view of the increasingly stringent environmental regula-
tions, and noting the urgency of climate change, the sustainable paths have undergone
extensive research and development to increase efficiency and cost-effectiveness. The
number of publications in this field considerably increased, by more than five times since
2000 [44]. This brought significant insights regarding the technical feasibility and the
possibilities of scale up. A number of economic studies were carried out to estimate the
cost of hydrogen using different solar thermochemical technologies. Although initial
assumptions differ from one study to another regarding plant site, solar material cost,
operating hours, installation costs and optical/thermal efficiencies, the calculated values
estimate the prices and their sensitivity to the input parameters. Möller et al. [45] analyzed
the solar steam reforming of natural gas for the production of 103.8 Million Nm3/year
(i.e., ~25,594 kg/day) of hydrogen. The study showed that the solar process allows 40%
of the fuel to be saved compared to the conventional process, with a hydrogen cost of
less than 0.05 €/kWh LHV of H2 (~1.67 €/kg of H2). Similarly, Rodat et al. [46] studied
solar thermal decomposition of natural gas at a plant design capacity of 436 kg of H2/day.
Hydrogen cost was about 1.42 $/kg and showed great sensitivity to carbon blacks’ (which
are the process byproducts) selling price. The study determined carbon blacks’ minimum
cost, making solar thermal decomposition of natural gas competitive with solar and
conventional reforming processes. Baykara and Bilgen [47] compared commercial, hybrid
and solar coal gasification processes for the production of hydrogen. The plants were
designed to produce 107 GJ of H2 per year (~228,310 kg/day). The study showed that
the commercial process (based on partial feedstock combustion) is the most cost-effective,
with a hydrogen price of 0.94 $/kg, which is 5.2% and 6.3% lower than the hybrid and
solar (only) process and is, in some respects, consistent with the present study outcomes.
This means that solarization is still economically challenging and requires incentive envi-
ronmental policies. Other researchers took a keen interest in the thermochemical splitting
of water using high-temperature solar heat. Given that single-step direct thermolysis, at
temperatures beyond 2500 ◦C, was hardly feasible, thermochemical cycles technologies
were rather considered. This process involves several reactional intermediates, which
are regenerated during the cycles to lower the water dissociation temperature. Over
280 cycles were developed and screened to select the most suitable ones for coupling
with concentrated solar thermal energy [48]. Among the most promising cycles studied
from an economic perspective, zinc, ferrite, and sulphur cycles were proposed. Charvin
et al. [49,50] studied two-step (ZnO/Zn and Fe3O4/FeO) and three-step (Fe2O3/Fe3O4)
thermochemical cycles driven by concentrated solar energy. The economic study was
performed with a design capacity ranging from 50 to 250 kg/h of H2. The analysis gave
a hydrogen production cost between 7.98 and 14.75 $/kg of H2 depending on process
intensification and on the targeted hydrogen productivity. In a similar study, Steinfeld [51]
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analyzed hydrogen production cost via two-step water-splitting ZnO/Zn redox system,
and the hydrogen price was around 4–5 €/kg at a design capacity of 61 Million-kWh/year
(~5014 kg/day), which is somewhat larger than Charvin et al. [49] design capacity and
therefore lowers hydrogen prices. Solar hydrogen production costs from the hybrid-sulfur
cycle and a metal oxide-based cycle were studied and compared to that of commercial
electrolysis (powered by a CSP plant with a thermal storage capacity of 4.5 h) by Graf
et al. [52]. The metal-oxide-based cycle hydrogen cost ranged between 3.5 and 12.8 €/kg,
and thus covered the ranges calculated Charvin et al. [49] and Steinfeld [51]. It showed
the greatest cost variability due to the high demand of the metal oxide and its cost depen-
dence. Hydrogen costs for hybrid sulfur cycle were the lowest and ranged between 3.9
and 5.6 €/kg. Water electrolysis was highly influenced by the cost of electricity, with a
hydrogen price between 2.1 and 6.8 €/kg.

Overall, it appears from these results that, to date, solar thermochemical processes
are far from being competitive with conventional processes based on fossil fuels (coal
and natural gas). Major challenges remain to improve the efficiency of the processes.
They concern the cost of the solar concentrators, which represents a significant part of
the investment, and the cost of the receiver, which, in many cases, must withstand high
temperatures in the presence of highly corrosive chemical species. Another challenge
concerns the solar reactor design, which should minimize the heat losses and maximize
the chemical conversion for a better use of the solar resource. The recycling of chemicals
in thermochemical cycles that impose a high degree of purity and a precise control of
phases and constituent separation is another issue that needs to be properly managed
and solved. Carbon-based solar thermochemical technologies generally show lower
hydrogen production costs. These processes, which, by definition, are less harmful to the
environment, offer the possibility to extend the lifespan of fossil resources on earth and
can play a role in the transition towards a zero-carbon economy.

4. Conclusions

A techno-economic study of solar and solar hybrid gasification was carried out.
The study was based on the discounted cash-flow rate of return method to calculate
the minimum hydrogen production cost. At first, the most important solar parameters
were identified, and they were then integrated to a previously developed autothermal
gasification cost model. The new solarized cost model was thereafter used to examine the
profitability and the cost-effectiveness of each of the studied heating configurations (i.e.,
allothermal, hybrid and autothermal). A sensitivity analysis of the main cost-influencing
factors was carried out. The analysis showed that at the current biomass reference cost
(considered equal to 0.1 €/kg), the most competitive scenario (in which solar hydrogen
cost is lower than conventional hydrogen), assumes a cost reduction of 50% of the he-
liostats and towers costs, with a land cost of 0.5 €/m2, which is clearly challenging at
present and requires an important economic effort. However, the analysis also showed
that an increase in the biomass cost by a factor of 2 to 3 significantly undermines the
profitability of the autothermal process, in favor of solar gasification, which becomes
more competitive without any substantial economic and financial efforts. A comparative
analysis with other solar and non-solar clean technologies was carried out. This confirmed
that the two most economically favorable processes for hydrogen generation are those
based on fossil fuels with CO2 capture and sequestration. These processes will, therefore,
make the greatest contribution to the hydrogen market in the near future. Nonetheless,
fossil fuels are neither universally available nor inexhaustible, and depend on a large num-
ber of strategic and geopolitical parameters that remain uncertain, sensitive and hardly
predictable. Moreover, carbon sequestration is not without risk for the environment
and human health. Leakage during transport and storage is possible, and the long-term
process performance is uncertain, especially in cases of large-scale development. These
represent major constraints to circumvent in order to ensure security and sustainability.
Renewable technologies are hardly competitive with fossil-based technologies at present,
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and require more effort to gain in efficiency, durability and cost-effectiveness. Govern-
ment policy incentives have also a major role to play through the use of mechanisms like
carbon credits, renewable energy credits, capital subsidies, and reverse auctions. This
way, the financial viability of the sustainable path can be improved.
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Abstract: Forestry biomass is a by-product which commonly ends up being burnt for energy
generation, despite comprising valuable bioactive compounds with valorisation potential. Leaves of
Acacia dealbata were extracted for the first time by supercritical fluid extraction (SFE) using different
conditions of pressure, temperature and cosolvents. Total extraction yield, individual triterpenoids
extraction yields and concentrations were assessed and contrasted with Soxhlet extractions using
solvents of distinct polarity. The extracts were characterized by gas chromatography coupled to mass
spectrometry (GC-MS) and target triterpenoids were quantified. The total extraction yields ranged
from 1.76 to 11.58 wt.% and the major compounds identified were fatty acids, polyols, and, from
the triterpenoids family, lupenone, α-amyrin and β-amyrin. SFE was selective to lupenone, with
higher individual yields (2139–3512 mg kg−1

leaves) and concentrations (10.1–12.4 wt.%) in comparison
to Soxhlet extractions, which in turn obtained higher yields and concentrations of the remaining
triterpenoids.

Keywords: Acacia dealbata; GC-MS; leaves; lupenone; supercritical fluid extraction; Soxhlet extrac-
tion; triterpenoids

1. Introduction

The genus Acacia is widespread through the Portuguese landscape, consisting of
three main species: Acacia dealbata, Acacia longifolia and Acacia melanoxylon [1]. A. dealbata
was introduced for dune erosion protection as well as ornamental and wood supply
purposes during the 19th and 20th century [2]. Currently, it is considered a plague due to
its fast growth and dominance over the natural flora [1,3]. From 2005 to 2015, the occupied
area of Acacia species increased 4000 ha in Portugal, corresponding to an estimated total
arboreal biomass growth of 2 Mt [4]. The removal of these trees generates forest biomass
that, under the Renewable Energy Directive II of the European Union Commission [5],
can be utilized for the production of liquid and gaseous biofuels. However, it is a common
practice to leave these residues in the forest for soil remediation.

The research towards A. dealbata biomass extraction has focused on several morpholog-
ical parts, namely wood [6–10], bark [6–8,10–14], flowers [11,15–20] and leaves [6,8,11,17,21,
22]. The explored extraction methods so far consist of solid-liquid extraction with organic
solvents, such as dichloromethane, ethanol, methanol, hexane, acetone and some hydroal-
coholic mixtures. Extraction of essential oils by steam distillation has been applied only
to flowers [16]. Besides these conventional methods, there are few works on greener and
more innovative extraction procedures, such as the work of Borges et al. [22], who applied
microwave and ultrasound-assisted extraction to the leaves, and Lopez-Hortas et al. [16],
using microwave hydrodiffusion to obtain the flower essential oil. One alternative tech-
nique for the extraction of vegetable biomass is supercritical fluid extraction (SFE) [23].
It is mainly employed with carbon dioxide (CO2) as solvent due to its low cost, safety,
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availability and low critical point conditions, which allows extraction at near room tem-
peratures [24]. The manipulation of temperature and pressure allows the tuning of CO2
properties (density, viscosity and diffusivity) that maximize the desired responses, such as
total extraction yield or the selective uptake of target chemical families or compounds. For
example, triterpenic acids in the case of Eucalyptus globulus leaves [25,26] and bark [27–29],
triterpenes from Vitis vinifera leaves [30], friedelin from Quercus cerris cork [31] and sterols
from Eichhornia crassipes [32].

The phytochemistry of A. dealbata biomass (bark, leaves, wood, flowers and seeds)
includes several families of compounds, such as alkaloids [8], amines [33], phenolics [8,10,13,
15], polysaccharides [9], chalcone glycosides [18], steryl glucosides [7], tannins [10,11,13],
caffeic acid esters [12], sterols [6] and triterpenes [6,17]. SFE is a proven technology for the
selective removal of triterpenes and sterols from many vegetable matrices [23,30–32,34,35].
For instance, compounds such as lupenone, lupeol, lupenyl palmitate, lupenyl cinnamate,
squalene, β-amyrone, α-amyrin, β-amyrin and 22,23-dihydrospinasterol have already
been identified and quantified [6,17]. These have been reported for several potential
bioactive properties, namely anti-inflammatory, anti-virus, anti-diabetes, anti-cancer
and antiproliferative, among others [36–45] which may explain the association of Acacia
species with traditional medicine practices [46,47]. The wide range of biological activities
potentiates the interest for multiple applications of the extracts, for example, to obtain
active pharmaceutical ingredients or for incorporation in nutraceuticals, food, animal
feed and cosmetic products.

This work focuses on the SFE of triterpenoids from Acacia dealbata leaves under
different experimental conditions of pressure, temperature and cosolvents content, and its
comparison with conventional Soxhlet extraction using organic solvents of distinct polar-
ity. The extracts were characterized by gas chromatography coupled to mass spectrometry
(GC-MS) and triterpenoids contents were determined. To the best of our knowledge,
this is the first time SFE is applied to Acacia dealbata leaves aiming for the extraction of
potential bioactive compounds.

2. Materials and Methods

2.1. Chemicals

Carbon dioxide (CO2, purity 99%) was supplied by Air Liquide (Algés, Portugal).
Dichloromethane (purity 99.98%), n-hexane (purity 99%) and ethanol (purity 99.5%)
were supplied by Fisher Scientific (Leicestershire, UK). Ethyl acetate (purity 99%) was
supplied by VWR International (Fontenay-sous-Bois, France). Pyridine (purity 99.5%),
tetracosane (purity 99%) N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA, purity 98%)
and chlorotrimethylsilane (TMSCl, purity 99%) were supplied by Sigma Aldrich (Madrid,
Spain). Betulinic, oleanolic and ursolic acids (purity 98%) were supplied by AK Scientific
(Union City, CA, USA).

2.2. Acacia Dealbata Biomass

The A. dealbata leaves were supplied by RAIZ—Forest and Paper Research Institute
(Eixo, Portugal). The leaves were collected from 8-year-old Acacia dealbata trees located in
Porto/Valongo (Portugal) region during the winter season. The leaves (see Figure 1) were
manually separated from the branches and dried at 35 ◦C for 72 h in a forced convection
oven, reducing their moisture content from 65.6 to 4.5 wt.%.
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Figure 1. Oven-dried Acacia dealbata leaves.

2.3. Soxhlet Extraction

The leaves of A. dealbata were extracted with n-hexane, dichloromethane, ethyl acetate
and ethanol (Table 1). In each assay, extraction of the leaves (ca. 3 g) was performed with
180 mL of each solvent for 6 h. The produced extracts were evaporated to dryness in a
rotary evaporator, weighed for the determination of total extraction yield (ηTotal, wt.%)
and analyzed by GC-MS to evaluate triterpenoids individual yields (ηi, mg kg−1

leaves) and
concentrations (Ci, wt.%), as follows:

ηTotal =
mextract

mdry leaves
× 100 (1)

ηi =
mi

mdry leaves
× 106 (2)

Ci =
mi

mextract
× 100 (3)

where mdry leaves is the mass of dry leaves, mextract corresponds to extract mass free of
solvent and mi is the mass of triterpenoids measured by GC-MS.

Table 1. List of Soxhlet and SFE assays with the respective operating conditions.

Run Method Solvent
T

(◦C)
P

(bar)
ρf

(kg m−3)

SX1 Soxhlet n-Hexane 68.5 * 1 -
SX2 Dichloromethane 39.6 * 1 -
SX3 Ethyl acetate 77.1 * 1 -
SX4 Ethanol 78.4 * 1 -

SFE1 SFE CO2 40 200 840.6 [48]
SFE2 CO2 80 200 594.9 [48]
SFE3 CO2 60 300 830.4 [48]
SFE4 CO2:Ethanol (95:5 wt.%) 80 300 764.6 [49]
SFE5 CO2:Ethyl acetate (95:5 wt.%) 80 300 761.4 [50]

* boiling point of the pure solvents.
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2.4. Supercritical Fluid Extraction

The SFE assays were performed in a lab scale Spe-ed SFE unit, a model of Helix
SFE System-Applied Separations, Inc., (Allentown, PA, USA) schematically presented
in Figure 2. In each run, ca. 25 g of leaves were loaded into the extractor while the
supercritical fluid flowed upwards at constant flow rate (QCO2 ) of 12 g min−1 for 6 h. The
experimental conditions of pressure, temperature and cosolvent content are presented
in Table 1 (runs SFE1 to SFE3). The detailed procedure is described elsewhere [25]. The
total extraction yield, the individual compound concentrations and respective yields were
determined according to Equations (1)–(3), respectively.

 
Figure 2. Simplified scheme of the SFE installation. Reprinted with permission from [25]. Copyright
2021, Elsevier.

For the runs, SFE4 and SFE5 ethanol and ethyl acetate were added as cosolvent to
modify the supercritical fluid polarity and the solubility of solutes. In these runs, the
cosolvent was fed to the pre-heating vessel using a HPLC pump, as presented in Figure 2.

The densities of the supercritical fluids (ρf), both pure and modified supercritical
carbon dioxide (SC-CO2), at each experimental condition are presented in Table 1. They
were obtained using the equation of state of Pitzer and Schreiber for pure SC-CO2 [48],
Falco and Kiran for SC-CO2 modified with ethyl acetate [50] and Pöhler and Kiran for
SC-CO2 modified with ethanol [49].

2.5. Gas Chromatography Coupled to Mass Spectrometry

The extracts were analyzed by GC–MS using a Trace Gas Chromatograph Ultra
equipped with a DB-1 J&W capillary column (30 m × 0.32 mm i.d., 0.25 μm film thickness)
and coupled with a Thermo DSQ mass spectrometer. The extracts were prepared and
analyzed following a procedure previously published [28,29]. For the quantification
of individual triterpenoids in the extracts, tetracosane and pure betulinic, oleanolic
and ursolic acids were selected as internal and external standards, respectively. The
identification of the compounds was performed with the aid of reverse match factors (RSI)
from Wiley 9 library, which defines thresholds of mass spectral match: 900 and above is
considered excellent; 800–900 is considered good, 700–800 is considered fair, and below
700 is considered a poor match [51].
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3. Results and Discussion

3.1. Total Extraction Yield

The total extraction yield (ηTotal, Equation (1)) measures the total extract amount
produced independently of its composition. The results obtained with Soxhlet and SFE
can be visualized in Figure 3. Concerning Soxhlet extraction, the ηTotal values increased
with the polarity of the solvent and ranged from 3.60 to 11.58 wt.% for dichloromethane
and ethanol, respectively. The second highest value (7.97 wt.%) was obtained by ethyl
acetate, and n-hexane achieved an equivalent value to dichloromethane (3.64 wt.%).
Literature results on Soxhlet extractions of A. dealbata leaves present unequal yield scores.
For instance, Oliveira et al. [6] obtained a ηTotal of 6.2 wt.% with dichloromethane, almost
double of the value obtained in this work, which may be due to the particle size reduction
performed. On the other hand, Luís et al. [8] obtained a ηTotal of 6.75 wt.% with ethanol,
which is considerably lower than the value obtained in this work, and may be due to a
different time of extraction, as it was stopped as soon as the extraction solvent became
colorless. Borges et al. [22] obtained a ηTotal of 13 wt.% using water and 16 h of Soxhlet
extraction, which can compare with the value obtained with ethanol (11.58 wt.%), the
closest solvent in terms of polarity. However, it is noteworthy that extraction with ethanol
(6 h at 78.4 ◦C) would be more energy efficient than with water (16 h at 100 ◦C).

Figure 3. Total extraction yields (ηTotal) obtained by Soxhlet using n-hexane, dichloromethane (DCM), ethyl acetate (EA),
ethanol (E) and SFE at different conditions.

Regarding SFE assays, the ηTotal results varied from 1.76 to 3.26 wt.% for SFE1
(200 bar, 40 ◦C, no cosolvent) and SFE5 (300 bar, 80 ◦C, 5 wt.% ethanol), respectively.
Three experimental parameters were tested in these runs: pressure, temperature and
cosolvent addition. Setting SFE1 (200 bar, 40 ◦C, no cosolvent) as the reference run,
the effect of temperature on ηTotal can be assessed by comparison with run SFE2 (200
bar, 80 ◦C, no cosolvent), where an increase of 38% was observed. Even though higher
temperatures lower the solvent power due to SC-CO2 density decrease (840.6 kg m−3

for SFE1 and 594.6 kg m−3 for SFE2), they increase the vapour pressure of solutes (i.e.,
their solubility in the supercritical solvent). These opposing effects can lead to different
results from system to system, and in this case, the solubility enhancement effect was
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prevalent. Moving to Run SFE3 (300 bar, 60 ◦C, no cosolvent), this assay was performed
at more 100 bar and less 20 ◦C of SFE2, but yielded an identical ηTotal (2.37 wt.%). This
occurs possibly because the higher SC-CO2 density in Run 3 (830.4 kg m−3, i.e., 40% more
than in SFE2) compensated the thermal penalization on the vapor pressure side of solutes.
Furthermore, the addition of cosolvents was tested at 300 bar and 80 ◦C in runs SFE4 (5
wt.% of ethanol) and SFE5 (5 wt.% of ethyl acetate). The results were identical for both
runs (3.24–3.26 wt.%), almost doubling the ηTotal value of SFE1. The different cosolvents
did not significantly affect the fluid densities between each other (764.6 kg m−3 for SFE4
and 761.4 kg m−3 for SFE5) and imposed an increase of only 2.4% in relation to pure
SC-CO2 under the same P − T conditions (746.2 kg m−3) [48]. Hence, the yield gain in
runs SFE4 and SFE5 was attributed to a greater affinity of the solute to solvent mixtures
of higher polarity.

Overall, it is clear that Soxhlet extraction produces higher ηTotal, especially when
employing high polarity solvents (i.e., ethanol or ethyl acetate). When employing low
polarity solvents (i.e., dichloromethane or n-hexane), the ηTotal values are analogous to
those of modified SC-CO2 and higher than those of SFE without entrainers.

3.2. Volatile Extractives

The extracts were analyzed by GC-MS, and the chromatograms of runs SX2 (A),
SX4 (B) and SFE1 (C) are presented in Figure 4A–C. These are representative of the
Soxhlet extractions with low and higher polarity solvents, and SFE runs, respectively.
It is possible to observe that the chromatograms of runs SX2 and SFE1 (Figure 4A,C)
are considerably similar, as the same peaks appear in both, which in turn confirms the
affinity of dichloromethane and SC-CO2 to similar solutes. On the contrary, SX4 (Figure
4B) stands out due to the proliferation of peaks in the region on the left of the internal
standard—i.e., at retention time (Rt) lower than 38.76 min—and also due to the very sharp
peak at Rt = 27.55 min, identified as myo-inositol (whose structure is disclosed in Figure 5).
The latter forced a rescaling of the relative absorbance axis to a comparable range (from
100% in SX2 and SFE1 to 6% in SX4). All but one of the identified compounds in these
peaks encompassed RSI scores comprehended between 700 and 942, which correspond to
a matching quality from fair to excellent. In fact, the only exception to this was α-amyrin,
whose RSI score was 691.

The full list of identified compounds for all Soxhlet extractions and SFE runs is
reported in Table 2, altogether with the respective retention times and maximum RSI
scores within the analyzed extracts. As previously observed in Figure 4B, run SX4
shows more peaks in the left half of the chromatogram, and that observation can be
confirmed in Table 2, also for runs SX3 (ethyl acetate) and SX4 (ethanol), specifically
amid retention times of 10.77 to 44.37 min. The said peaks consist mainly of polyols (P)
and monosaccharides (M). After these come the fatty acids (FA), long-chain aliphatic
alcohols (LCAA) and triterpenoids (TT), although these were also found in every extract.
Furthermore, SX1 (n-hexane) and SX2 (dichloromethane) present a very similar pattern
of detected compounds, as well as the runs SFE1-SFE5. This corroborates what was
observed in the analysis of Figure 4A,C. Such similarities show that the polarity of the
solvent strongly influences the compounds extracted, and that, in the case of SFE, the
modification of SC-CO2 with 5 wt.% of ethanol or ethyl acetate was not enough to lead to
the extraction of volatile compounds with higher affinity to polar organic solvents.
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Figure 4. Chromatograms of the extracts from runs (A) SX2 (dichloromethane), (B) SX4 (ethanol) and (C) SFE1 (200, bar
40 ◦C). Internal standard (tetracosane) appears at 38.7 min.

Figure 5. Structural formula of myo-inositol.
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Table 2. List of identified compounds and respective retention times and reverse match factors (RSI) for all Soxhlet and
SFE runs.

Rt (min) Compound Family RSI SX1 SX2 SX3 SX4 SFE1 SFE2 SFE3 SFE4 SFE5

10.77 Glycerol P 909 - + + + - - - - -
18.67 Erythritol P 942 - - + + - - - - -

20.6 5-Hydroxypipecolic
acid CA 770 - - - + - - - - -

24.17 Xylitol P 800 - - + + - - - - -
24.79 Ribitol P 887 - - + + - - - - -
27.55 myo-Inositol P 803 - - + + - - - - -
28.19 Tyramine A 890 - - - + - - - - -
28.79 D-Mannose M 803 - - + + - - - - -
30.13 Mannitol P 851 - - + + - - - - -
31.27 Glucose M 827 - - + + - - - - -
44.37 Docosanoic acid FA 729 + + - - + + + + +
46.09 Squalene TT 833 - - - - + + + + +
47.76 Pentacosanoic acid FA 829 + + + + + + + + +
48.61 Hexadecanoic acid FA 705 + + + - - - - - -
50.98 Octacosanoic acid FA 849 + + + + + + + + +
51.82 Octacosan-1-ol LCAA 811 + - + - - - - - -

52.66 4’-OH,5-OH,7-Di-O-
Glucoside F 688 + + + + + + + + +

52.86 α-Amyrone TT 786 + + - - + + + + +
53.06 β-Amyrone TT 738 + + + + + + + + +
53.66 Lupenone TT 843 + + + + + + + + +
54.92 β-Amyrin TT 755 + + + + + + + + +
55.16 α-Amyrin TT 691 + + + + + + + + +
56.28 Lupenyl acetate TT 742 + + - - + + + + +

P—polyol; CA—carboxylic acid; A—amine; M—monosaccharide; FA—fatty acid; TT—triterpenoid; LCAA—long-chain aliphatic alcohol;
F—flavonoid.

As observed in Figure 4B, myo-inositol (see Figure 5) peak has an area of different
magnitude from the targeted triterpenoids, thirteen times higher (run SX4) than the
internal standard. Even though it is a known constituent of plant and animal cells, the
results obtained demonstrate the potential of ethanol and ethyl acetate, and potentially
other polar organic solvents, for the production of myo-inositol-rich extracts. According
to the literature, this compound and its derivatives have been identified and quantified in
several plant species [52–56], including Acacia trees, such as in Acacia pennata and Acacia
farnesiana leaves [57], and Acacia mangium and Acacia maidenii seeds [58]. Moreover, myo-
inositol plays an important role in several cell functions, such as growth, development
and reproduction, among others [59]. As a dietary supplement, it can be beneficial for
human disorders associated with insulin resistance, such as polycystic ovary syndrome,
gestational diabetes mellitus or metabolic syndrome, and the prevention or treatment of
some diabetic complications, namely, neuropathy, nephropathy and cataract [59]. Even
though this represents a promising result for the valorisation of Acacia dealbata biomass,
the main focus of this work is the triterpenoid fraction attainable by SFE, which leaves
myo-inositol out of the work scope. Nevertheless, it might open the way to sequential
extraction strategies.

The main triterpenoids (TT) identified in the produced extracts were squalene, α-
amyrone, β-amyrone, lupenone, β-amyrin, α-amyrin and lupenyl acetate. These contain
30 carbon atoms, except for lupenyl acetate which has 32, and all of these compounds
are interrelated by known biosynthesis pathways, as summarized in Figure 6. Here, it
can be seen that squalene is the prime precursor, having been originated by successive
condensation reactions of the isomers of isopentenyl diphosphate and dimethylallyl
diphosphate [60–62]. Eventually, squalene can be oxidized to 2,3-oxidosqualene, which
in turn is the direct precursor of tricyclic, tetracyclic or pentacyclic triterpenoids. When
under the chair-chair-chair conformation, 2,3-oxidosqualene can undergo cyclization reac-
tions forming the tetracyclic dammarenyl cation, which, after ring expansions, originates
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diverse skeletons of pentacyclic triterpenoids, such as the lupane, oleanane and ursane
types (see Figure 6). The latter three types are the precursors of lupeol, β-amyrin and
α-amyrin, respectively [60–63]. Upon undergoing further rearrangements, and/or oxida-
tion, substitution or glycosylation reactions, other triterpenoids are generated, namely
lupenone, β-amyrone and α-amyrone (as the ketone versions of lupeol, β-amyrin and
α-amyrin, respectively), and lupenyl acetate (as the acetylated version of lupeol). To
conclude, the majority of these compounds were also identified in previous extraction
works of A. dealbata biomass [6,17], especially in the leaves, bark and other external parts,
since they are thought to provide protection against insects and microbes [63].

 

Figure 6. Scheme representative of synthesis pathways of triterpenoids from squalene, namely the lupane, oleanane and
ursane series.

3.3. Triterpenoid Extraction Yields

The individual (ηi) and total triterpenoid (ηTotal TT) extraction yields of Soxhlet
and SFE assays are presented in Figure 7A,B, respectively. Regarding Soxhlet ex-
tractions (Figure 7A), lupenone was the most extracted compound of the four organic
solvents tested, with ηlupenone values ranging from 2114 to 2994 mg kg−1

leaves for n-hexane
and ethyl acetate extraction, respectively. It was followed by α-amyrin, with yields from
1249 to 2851 mg kg−1

leaves for dichloromethane and ethyl acetate, respectively. Although
ηβ−amyrin was generally lower than ηα−amyrin, this difference is especially evident in the
dichloromethane Soxhlet extract, where the latter yielded circa 2.7 times more. In turn,
ethyl acetate attenuated the two amyrin yields, with their ratio falling to ca. 1.6. For
extracts produced with more polar solvents, the two amyrin yields approached the values
of ηlupenone. This was translated to the magnitude of ηTotal TT, which incremented from
the minimum of 4908 mg kg−1

leaves for n-hexane to 8201 mg kg−1
leaves for ethyl acetate and
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to 6259 mg kg−1
leaves for ethanol. The remaining triterpenoids did not differ significantly

between organic solvents, and their individual yields were markedly low.

Figure 7. Individual and total triterpenoid (Total TT) extraction yields in: (A) Soxhlet extracts using different organic
solvents, and (B) SFE at different conditions of temperature, pressure, and ethanol (E) or ethyl acetate (EA) content
as modifiers.

Concerning uptake of triterpenoids by SFE (see Figure 7B), lupenone confirmed
its leading individual yield also in this separation method, which varied from 2139 to
3512 mg kg−1

leaves for SFE1 (200 bar, 40 ◦C, no cosolvent) and SFE4 (300 bar, 80 ◦C, 5 wt.%
of ethanol), respectively. None of the remaining triterpenoids surpassed 500 mg kg−1

leaves
threshold. The increase of temperature from 40 ◦C to 80 ◦C of runs SFE1 and SFE2,
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respectively, improved the ηlupenone by 41% and, if contrasted with the 38% increase
verified in the ηTotal (recall Figure 3), represents a proportional increase. Furthermore, run
SFE3 (300 bar, 60 ◦C, no cosolvent) shows that even though it produced a similar ηTotal
of SFE2, the joint P − T change decreased the lupenone uptake to 2879 mg kg−1

leaves. This
confirms that the favorable effect of temperature on solubility prevailed over the loss of
SC-CO2 density. With the employment of ethanol and ethyl acetate at 300 bar and 80 ◦C
(runs SFE4 and SFE5), higher lupenone yields were obtained, namely 3512 mg kg−1

leaves
and 3273 mg kg−1

leaves, respectively. This suggests that the joint optimization of P, T and
cosolvent content can be determinant to potentiate the removal of this compound by SFE.

The low yields for the other triterpenoids explain the lower ηTotal TT obtained by SFE.
These were only slightly inferior to the Soxhlet extractions with n-hexane and dichloromethane,
but substantially lower in relation to ethyl acetate and ethanol, whose ηTotal TT values
scored, respectively, 74% and 33% higher than of SFE4 (the richest in ηTotal TT with
4719 mg kg−1

leaves).

3.4. Triterpenoid Concentration in Extracts

To assess the effect of distinct extraction methods and operating conditions on the
selectivity of the identified triterpenoids, their individual concentrations were determined
and are presented in Figure 8A,B for Soxhlet and SFE assays, respectively.

Regarding the Soxhlet extracts (Figure 8A), the concentration trend does not follow
those of total or individual triterpenoid yields. The highest extract concentration of
lupenone amounted 7.7 wt.% and occurred for dichloromethane assay (SX2), followed
by n-hexane (SX1) with 5.8 wt.%, ethyl acetate (SX3) with 3.8 wt.%, and finally, ethanol
(SX4) with 2.2 wt.%. Even though ηTotal TT and ηlupenone of dichloromethane and n-hexane
Soxhlet extraction were lower than those of ethyl acetate and ethanol, they resulted in
higher Clupenone. This is due to the fact that, as discussed previously (see Table 2), the
more polar solvents are able to coextract other families of compounds, thus diluting the
content of triterpenoids and fading the selectivity towards them, namely to lupenone. The
same can be observed for the remaining triterpenoids. Another interesting result is the
levelled scores of Cα−amyrin among the four organic solvents studied, ranging from 1.89 to
3.57 wt.%, which were far from expected given the significantly higher ηα−amyrin obtained
with ethyl acetate and ethanol (see Figure 7A). The observed yield/concentration nuances
are ultimately reflected in the CTotal TT response, which was as low as 10.3% and 5.4 wt.%
for ethyl acetate and ethanol, respectively, against 13.4 and 14.4 wt.% for dichloromethane
and n-hexane, respectively. As a result, the use of the two non-polar solvents are better
choices than ethanol or ethyl acetate when seeking a higher selectivity to lupenone,
despite having lower yields of this compound as counterpart.

The SFE results (see Figure 8B) show higher Clupenone than any of the Soxhlet extracts,
ranging from 10.1 to 12.4 wt.%, for runs SFE5 (300 bar, 80 ◦C, 5 wt.% of ethyl acetate) and
SFE2 (200 bar, 80 ◦C, no cosolvent), respectively. Once again, one can observe that the
discussed trends on ηTotal TT and ηlupenone are not verified for the concentration values.
Accordingly, even though run SFE2 showed the highest selectivity towards lupenone,
it only attained the third highest ηlupenone (see Figure 7B), and the same applies to run
SFE1 (200 bar, 40 ◦C, no cosolvent). In turn, the inclusion of polar modifiers in runs
SFE4 (300 bar, 80 ◦C, 5 wt.% of ethanol) and SFE5 (300 bar, 80 ◦C, 5 wt.% of ethyl acetate)
created the same penalization observed in Soxhlet: lower Clupenone was attained despite
the higher ηTotal TT and ηlupenone scores (see Figures 3 and 7B). As a result, the SFE results
show that pure SC-CO2 was the most selective to lupenone, but the method was not
able to selectively coextract other triterpenoids. In terms of CTotal TT, similarly to what
was observed for the triterpenoid yield (see Figure 7B), the values follow the lupenone
trend since the remaining triterpenoids were extracted in significantly lower amounts.
Accordingly, the maximum was attained by run SFE2 (200 bar, 80 ◦C, no cosolvent), where
CTotal TT is worth 18.0 wt.%. The individual contribution of other triterpenoids in the
extract for this score did not surpass 2 wt.%.
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Figure 8. Plots of the concentrations of individual triterpenoids identified in (A) Soxhlet extracts and respective solvents,
and (B) SFE at different conditions of temperature, pressure, and addition of ethanol (E) and ethyl acetate (EA) as modifiers.

Overall, the attained SFE results show that the method can selectively extract lu-
penone from the leaves of A. dealbata, even though similar triterpenoids are only coex-
tracted on a negligible basis. Furthermore, lupenone therapeutic potential for inflamma-
tion, virus, infection, diabetes, cancer, and treatment of Chagas disease [36] justifies its
valorisation in an industrial process for pharmaceutical and food applications.

4. Conclusions

Soxhlet extraction of Acacia dealbata leaves provided higher total extraction yields
than SFE, and the yield increased with the polarity of the organic solvent. In turn, SFE
yields were favored by increasing temperature and pressure, and by the addition of polar
cosolvents. In both cases the main triterpenoids extracted were squalene, β-amyrone, α-
amyrone, β-amyrin, α-amyrin, lupenyl acetate and lupenone, with the latter exhibiting the
highest content. Overall, Soxhlet extracts exhibited higher amounts of total triterpenoids
in comparison to SFE extracts. Interestingly SFE selectively extracted lupenone, reaching
higher contents than those obtained with Soxhlet.
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Even though the increase of pressure and temperature combined with the addition
of cosolvents favored the SFE total yield, the same effect was not so evident for lupenone
yield. In fact, pure CO2 attained a lupenone yield comparable to the maximum value
achieved at high pressure with SC-CO2 modified with ethanol. Furthermore, the highest
lupenone concentration was also obtained for pure CO2 extracts.

Considering the anti-inflammatory, anti-virus, anti-diabetes, and anti-cancer proper-
ties of lupenone, as well as its potential for the treatment of Chagas disease, one may state
that SFE contributes to the valorisation of A. dealbata leaves in the production of lupenone-
enriched extracts for the pharmaceutical, nutraceutical or food industries.

Globally, this work envisions SFE technology as a tool to address the current chal-
lenges associated to the management of A. dealbata spread, namely by pointing to biore-
finery opportunities for its leaves. Even though the present study indicates that high
selectivity to lupenone may be achieved by SFE, optimization of the extraction conditions
and a preliminary economic evaluation of the process are highly recommended.
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31. de Melo, M.M.R.; Vieira, P.G.; Şen, A.; Pereira, H.; Portugal, I.; Silva, C.M. Optimization of the supercritical fluid extraction of
Quercus cerris cork towards extraction yield and selectivity to friedelin. Sep. Purif. Technol. 2020, 238, 116395. [CrossRef]

32. Martins, P.F.; de Melo, M.M.R.; Sarmento, P.; Silva, C.M. Supercritical fluid extraction of sterols from Eichhornia crassipes biomass
using pure and modified carbon dioxide. Enhancement of stigmasterol yield and extract concentration. J. Supercrit. Fluids 2016,
107, 441–449. [CrossRef]

33. Evans, C.S.; Qureshi, M.Y.; Bell, E.A. Free amino acids in the seeds of Acacia species. Phytochemistry 1977, 16, 565–570. [CrossRef]
34. Domingues, R.; Guerra, A.; Duarte, M.; Freire, C.; Neto, C.; Silva, C.; Silvestre, A. Bioactive Triterpenic Acids: From Agroforestry

Biomass Residues to Promising Therapeutic Tools. Mini Rev. Org. Chem. 2014, 11, 382–399. [CrossRef]
35. de Melo, M.M.R.; Domingues, R.M.A.; Silvestre, A.J.D.; Silva, C.M. Extraction and purification of triterpenoids using supercritical

fluids: From lab to exploitation. Mini Rev. Org. Chem. 2014, 362–381. [CrossRef]
36. Xu, F.; Huang, X.; Wu, H.; Wang, X. Beneficial health effects of lupenone triterpene: A review. Biomed. Pharmacother. 2018, 103,

198–203. [CrossRef]
37. Saleem, M. Lupeol, a novel anti-inflammatory and anti-cancer dietary triterpene. Cancer Lett. 2009, 285, 109–115. [CrossRef]
38. Meneses-Sagrero, S.E.; Navarro-Navarro, M.; Ruiz-Bustos, E.; Del-Toro-Sánchez, C.L.; Jiménez-Estrada, M.; Robles-Zepeda, R.E.

Antiproliferative activity of spinasterol isolated of Stegnosperma halimifolium (Benth, 1844). Saudi Pharm. J. 2017, 25, 1137–1143.
[CrossRef]

39. Lou-Bonafonte, J.M.; Martínez-Beamonte, R.; Sanclemente, T.; Surra, J.C.; Herrera-Marcos, L.V.; Sanchez-Marco, J.; Arnal, C.;
Osada, J. Current Insights into the Biological Action of Squalene. Mol. Nutr. Food Res. 2018, 62, 1–16. [CrossRef]

53



Processes 2021, 9, 1159

40. Aragão, G.F.; Carneiro, L.M.V.; Junior, A.P.F.; Vieira, L.C.; Bandeira, P.N.; Lemos, T.L.G.; de B. Viana, G.S. A possible mechanism
for anxiolytic and antidepressant effects of alpha- and beta-amyrin from Protium heptaphyllum (Aubl.) March. Pharmacol.
Biochem. Behav. 2006, 85, 827–834. [CrossRef]

41. Aragão, G.F.; Cunha Pinheiro, M.C.; Nogueira Bandeira, P.; Gomes Lemos, T.L.; de Barros Viana, G.S. Analgesic and anti-
inflammatory activities of the isomeric mixture of alpha- and beta-amyrin from protium heptaphyllum (Aubl.) March. J. Herb.
Pharmacother. 2007, 7, 31–47. [CrossRef] [PubMed]

42. da Silva Júnior, W.F.; Lima Bezerra de Menezes, D.; Calvarho de Oliveira, L.; Scherer Koester, L.; Olveira de Almeida, P.D.; Lima,
E.S.; Pereira de Azevedo, E.; da Veiga Júnior, V.F.; Neves de Lima, Á.A. Inclusion complexes of β and HPβ-cyclodextrin with α, β
amyrin and in vitro anti-inflammatory activity. Biomolecules 2019, 9, 241. [CrossRef]

43. Holanda Pinto, S.A.; Pinto, L.M.S.; Cunha, G.M.A.; Chaves, M.H.; Santos, F.A.; Rao, V.S. Anti-inflammatory effect of α, β-Amyrin,
a pentacyclic triterpene from Protium heptaphyllum in rat model of acute periodontitis. Inflammopharmacology 2008, 16, 48–52.
[CrossRef]

44. Oliveira, F.A.; Vieira-Júnior, G.M.; Chaves, M.H.; Almeida, F.R.C.; Florêncio, M.G.; Lima, R.C.P., Jr.; Silva, R.M.; Santos, F.A.; Rao,
V.S.N. Gastroprotective and anti-inflammatory effects of resin from Protium heptaphyllum in mice and rats. Pharmacol. Res. 2004,
49, 105–111. [CrossRef]

45. Okoye, N.N.; Ajaghaku, D.L.; Okeke, H.N.; Ilodigwe, E.E.; Nworu, C.S.; Okoye, F.B.C. Beta-Amyrin and alpha-Amyrin acetate
isolated from the stem bark of Alstonia boonei display profound anti-inflammatory activity. Pharm. Biol. 2014, 52, 1478–1486.
[CrossRef] [PubMed]

46. Jæger, D.; O’Leary, M.C.; Weinstein, P.; Møller, B.L.; Semple, S.J. Phytochemistry and bioactivity of Acacia sensu stricto (Fabaceae:
Mimosoideae). Phytochem. Rev. 2019, 18, 129–172. [CrossRef]

47. Subhan, N.; Burrows, G.E.; Kerr, P.G.; Obied, H.K. Phytochemistry, Ethnomedicine, and Pharmacology of Acacia. Stud. Nat. Prod.
Chem. 2018, 57, 247–326. [CrossRef]

48. Pitzer, K.S.; Schreiber, D.R. Improving equation-of-state accuracy in the critical region; equations for carbon dioxide and
neopentane as examples. Fluid Phase Equilib. 1988, 41, 1–17. [CrossRef]

49. Pöhler, H.; Kiran, E. Volumetric properties of carbon dioxide + ethanol at high pressures. J. Chem. Eng. Data 1997, 42, 384–388.
[CrossRef]

50. Falco, N.; Kiran, E. Volumetric properties of ethyl acetate + carbon dioxide binary fluid mixtures at high pressures. J. Supercrit.
Fluids 2012, 61, 9–24. [CrossRef]

51. Gujar, A.; Anderson, T.; Cavagnino, D.; Patel, A. Comparative analysis of mass spectral matching for confident compound
identification using the Advanced Electron Ionization source for GC-MS. Thermoscientific 2018, 10598, 1–7.

52. Zuluaga, A.M.; Mena-García, A.; Soria Monzón, A.C.; Rada-Mendoza, M.; Chito, D.M.; Ruiz-Matute, A.I.; Sanz, M.L. Microwave
assisted extraction of inositols for the valorization of legume by-products. LWT 2020, 133, 109971. [CrossRef]

53. Zuluaga, A.M.; Mena-García, A.; Chito-Trujillo, D.; Rada-Mendoza, M.; Sanz, M.L.; Ruiz-Matute, A.I. Development of a
microwave-assisted extraction method for the recovery of bioactive inositols from lettuce ( Lactuca sativa) byproducts. Electrophore-
sis 2020, 41, 1804–1811. [CrossRef] [PubMed]

54. Mena-García, A.; Rodríguez-Sánchez, S.; Ruiz-Matute, A.I.; Sanz, M.L. Exploitation of artichoke byproducts to obtain bioactive
extracts enriched in inositols and caffeoylquinic acids by Microwave Assisted Extraction. J. Chromatogr. A 2020, 1613, 460703.
[CrossRef]

55. Ruiz-Aceituno, L.; García-Sarrió, M.J.; Alonso-Rodriguez, B.; Ramos, L.; Sanz, M.L. Extraction of bioactive carbohydrates from
artichoke (Cynara scolymus L.) external bracts using microwave assisted extraction and pressurized liquid extraction. Food Chem.
2016, 196, 1156–1162. [CrossRef] [PubMed]

56. Chóez-Guaranda, I.; Ruíz-Barzola, O.; Ruales, J.; Manzano, P. Antioxidant activity optimization and GC-MS profile of aqueous
extracts of Vernonanthura patens (Kunth) H. Rob. leaves. Nat. Prod. Res. 2020, 34, 2505–2509. [CrossRef]

57. Somsub, W.; Kongkachuichai, R.; Sungpuag, P.; Charoensiri, R. Effects of three conventional cooking methods on vitamin C,
tannin, myo-inositol phosphates contents in selected Thai vegetables. J. Food Compos. Anal. 2008, 21, 187–197. [CrossRef]

58. Warren, C.R.; Aranda, I.; Cano, F.J. Responses to water stress of gas exchange and metabolites in Eucalyptus and Acacia spp. Plant
Cell Environ. 2011, 34, 1609–1629. [CrossRef]

59. Croze, M.L.; Soulage, C.O. Potential role and therapeutic interests of myo-inositol in metabolic diseases. Biochimie 2013, 95,
1811–1827. [CrossRef] [PubMed]

60. Pütter, K.M.; van Deenen, N.; Müller, B.; Fuchs, L.; Vorwerk, K.; Unland, K.; Bröker, J.N.; Scherer, E.; Huber, C.; Eisenreich, W.; et al.
The enzymes OSC1 and CYP716A263 produce a high variety of triterpenoids in the latex of Taraxacum koksaghyz. Sci. Rep. 2019, 9,
5942. [CrossRef] [PubMed]

61. Yendo, A.C.A.; De Costa, F.; Gosmann, G.; Fett-Neto, A.G. Production of plant bioactive Triterpenoid saponins: Elicitation
strategies and target genes to improve yields. Mol. Biotechnol. 2010, 46, 94–104. [CrossRef]

62. Fukushima, E.O.; Seki, H.; Ohyama, K.; Ono, E.; Umemoto, N.; Mizutani, M.; Saito, K.; Muranaka, T. CYP716A Subfamily
Members are Multifunctional Oxidases in Triterpenoid Biosynthesis. Plant Cell Physiol. 2011, 52, 2050–2061. [CrossRef] [PubMed]

63. Brendolise, C.; Yauk, Y.K.; Eberhard, E.D.; Wang, M.; Chagne, D.; Andre, C.; Greenwood, D.R.; Beuning, L.L. An unusual plant
triterpene synthase with predominant α-amyrin—Producing activity identified by characterizing oxidosqualene cyclases from
Malus × domestica. FEBS J. 2011, 278, 2485–2499. [CrossRef] [PubMed]

54



processes

Article

Improvement of Enzymatic Saccharification of
Cellulose-Containing Raw Materials Using Aspergillus niger

Ekaterina Budenkova 1, Stanislav Sukhikh 1, Svetlana Ivanova 2,3,*, Olga Babich 1, Vyacheslav Dolganyuk 1,4,

Philippe Michaud 5 and Olga Kriger 1

1 Institute of Living Systems, Immanuel Kant Baltic Federal University, A. Nevskogo Street 14,
236016 Kaliningrad, Russia; abudenkova@kantiana.ru (E.B.); stas-asp@mail.ru (S.S.);
olich.43@mail.ru (O.B.); dolganuk_vf@mail.ru (V.D.); olgakriger58@mail.ru (O.K.)

2 Natural Nutraceutical Biotesting Laboratory, Kemerovo State University, Krasnaya Street 6,
650043 Kemerovo, Russia

3 Department of General Mathematics and Informatics, Kemerovo State University, Krasnaya Street 6,
650043 Kemerovo, Russia

4 Department of Bionanotechnology, Kemerovo State University, Krasnaya Street 6, 650043 Kemerovo, Russia
5 CNRS, SIGMA Clermont, Institut Pascal, Université Clermont Auvergne,

F-63000 Clermont-Ferrand, France; philippe.michaud@uca.fr
* Correspondence: pavvm2000@mail.ru; Tel.: +7-384-239-6832

Abstract: Enzymatic hydrolysis of cellulose-containing raw materials, using Aspergillus niger, were
studied. Filter paper, secondary cellulose-containing or starch-containing raw materials, miscanthus
cellulose after alkaline or acid pretreatment, and wood chip cellulose, were used as substrates. The
study focused on a wild A. niger strain, treated, or not (control), by ultraviolet (UV) irradiations
for 45, 60, or 120 min (UV45, UV60, or UV120), or by UV irradiation for 120 min followed by a
chemical treatment with NaN3 + ItBr for 30 min or 80 min (UV120 + CH30 or UV120 + CH80).
A mixture of all the A. niger strains (MIX) was also tested. A citrate buffer, at 50 mM, wasthe
most suitable for enzymatic hydrolysis. As the UV exposure time increased to 2 h, the cellulase
activity of the surviving culturewas increased (r = 0.706; p < 0.05). The enzymatic activities of the
obtained strains, towards miscanthus cellulose, wood chips, and filter paper, were inferior to those
obtained with commercial enzymes (8.6 versus 9.1 IU), in some cases. Under stationary hydrolysis
at 37 ◦C, pH = 4.7, the enzymatic activity of A. niger UV120 + CH30 was 24.9 IU. The enzymatic
hydrolysis of secondary raw materials, using treated A. niger strains, was themost effective at 37 ◦C.
Similarly, the most effective treatment of miscanthus cellulose and wood chips occurred at 50 ◦C.
The maximum conversion of cellulose to glucose was observed using miscanthus cellulose (with
alkaline pretreatment), and the minimum conversion was observed when using wood chips. The
greatest value of cellulase activity was evidenced in the starch-containing raw materials, indicating
that A. niger can ferment not only through cellulase activity, but also via an amylolytic one.

Keywords: cellulose-containing raw materials; enzymatic hydrolysis; Aspergillus niger; bioethanol;
cellulase activity; ultraviolet treatment

1. Introduction

The development of efficient methods for the production of biofuels is becoming
increasingly important, due to the depletion of fossil fuels and the environmental condi-
tions that are associated with their extraction. Possessing environmental and economic
advantages, bioethanol is able to compete in the global fuel market. It can be used alone
or as an additive to gasoline [1].

Bioenergy production has significantly increased in the recent decades, as part of
the transition to a carbon-neutral energy system, and its growth is expected to continue,
particularly in the form of biofuels such as bioethanol. The global market is forecasted to
increase the share of bioethanol production from the current 2% to 27% by 2050 [2].
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Bioethanol production has been strongly supported by the United States and Brazil,
which are the leading producing countries [3]. Several patents that are devoted to methods
of converting cellulosic material into ethanol by fermentation (RU 2432368, RU 2456394,
RU 2529371, and RU 2593724) and GOST R 33872-2016 [4–6], are registered in Russia.
However, Russian biofuel production is only inthe pilot stage [7].

Cellulosic biomass is attractive as a source of raw materials, due to its availabil-
ity and renewability [3,8–11]. The study [12] showed that microorganisms with visual
differences in the morphology and growth of colonies (including bacteria, yeast, and
filamentous fungi), were found in mangroves in Brazil.Metagenomic sequencing data
showed the predominance of the following bacterial types: Proteobacteria (57.8%), Firmi-
cutes (12.3%), and Actinobacteria (8.4%). It was found that these microorganisms produce
a large number of enzymes that are involved in the degradation of polycyclic aromatic
compounds. Specific sequences that are involved in cellulolytic degradation, belonging to
cellulases, hemicellulases, carbohydrate-binding domains, dockerins, and cohesins, were
identified. It became possible to isolate cultivated fungi and bacteria that are associated
with biomass decomposition and the potential for use in biofuel production. These results
showed that cellulosolytic microorganisms that are present in mangroves possess all the
basic molecular tools for building the cellulosome, which is necessary for the efficient
degradation of cellulosic material and the release of sugar.

To provide an economically viable process for its bioconversion into bioethanol,
it is necessary to achieve effective splitting of polymeric lignocellulosic raw materials
into monomeric sugars, which are further fermented by microorganisms (yeast or bac-
teria). The composition and concentration of sugars in the lignocellulose hydrolysate
vary depending on the composition of the raw material and the processing method.
Other important factors of alcoholic fermentation include the selection and preparation
of the substrate, the selection and adaptation of the microorganisms, and the process
conditions [1].

Enzymatic hydrolysis is conducted using the cellulase enzyme complex. Endoglu-
canases rapidly and randomly break down the internal cellulose sites. The products of
this reaction serve as a substrate for the action of exoglucanases, which mainly release
cellobiose by breaking down oligosaccharides. Enzymatic hydrolysis occurs under the
synergistic action of the following three main classes of cellulases: endoglucanase, exoglu-
canase, and β-glucosidase [13]. The main advantages of enzymatic hydrolysis include
technological accessibility, the high specificity of enzymes, and reduced generation of
by-products and inhibitory products. The disadvantages include the high cost of enzyme
preparations and the duration of the hydrolysis process (48–72 h). It is important to
consider the concentration and structure of the substrate (reaction rate) and enzyme
concentration (price/reaction rate ratio) in enzymatic hydrolysis [14].

The main constraints of the lignocellulosic biomass fermentation are the crystalline
structure of cellulose and the formation of a lignin–cellulose complex. High pressure
and temperature lead to the destruction of glucose and the formation of reaction by-
products [3].

Fungal amylases are used to hydrolyze carbohydrates, proteins, and other compo-
nents of soybeans and wheat, into peptides, amino acids, sugars, and other low-molecular-
weight compounds [13,15]. The study [13] was carried out to assess the amylase activity
of the amylolytic fungi Aspergillus niger, using cassava waste as a fodder substrate. Fungi
were isolated from soil samples and identified as Aspergillus niger, based on lactophe-
nol cotton blue staining and plating on an appropriate fungal growth medium. The
production of Aspergillus niger amylase was detected by the disappearance of the blue
color in the agar medium, with starch around the microbial colonies after incubation.
Cassava was used as a substrate for amylase production. Solid-phase fermentation was
performed using Aspergillus niger to obtain amylase. Amylase activity was determined
by the following four methods: the DNSA method, dextrinization method, reduction in
starch–iodine color intensity, and assay on plates.
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Solid-phase fermentation has great potential for the amylase enzyme production by
Aspergillus niger [16].Hard substrates that are rich in starch, such as rice bran, wheat bran,
rye bran, coconut oil cake, ginger cake, and peanut cake, are used.These agro-industrial
residues are cheap raw materials for amylase production.It was found that Aspergillus
niger is the best amylase producer.The addition of carbohydrates and nitrogen increased
the yield of amylase [16].

Membrane enzymatic hydrolysis, in comparison with chemical hydrolysis, has
significant application potential [17,18], due to the higher yield of a low-toxic product,
environmental friendliness, complete decomposition of lignocellulosic biomass [16], high
degree of conversion of carbohydrates, absence of toxic waste, greater yield of the target
product, and the ability to modify and cultivate microorganisms to obtain significant
quantities of high-quality biofuel. Nonetheless, this method requires modernization and
adaptation.

Using membranes to extract and reuse cellulase saves energy, reduces the cost of
purchasing an enzyme preparation, and shortens the time that is required by the stages
of enzymatic hydrolysis [14]. Membrane filtration is widely used in this process. In this
case, the enzyme, while maintaining its relative catalytic activity, recirculates up to 75%
of the enzyme and is reused in the process of hydrolysis [11]. The membranes are made
from hollow fibers of cellulose acetate, polysulfone, nylon, and polyethersulfone.

The rigid structure of lignocellulosic biomass prevents the enzymatic hydrolysis
of polysaccharides, which prevents the conversion of biomass into bioethanol [3]. The
combined use of several methods in pretreatment (chemical, physical, electrical, and
biological) promotes the degradation of lignocellulose, reduces the impermeability of the
biomass, and facilitates the access of enzymes to their substrates; however, the processes of
the pretreatment of lignocellulosic materials cause an increased formation of undesirable
by-products, originating from lignin, which can inhibit the growth of microbes and,
consequently, reduce the fermentation yield [19,20]. The use of microorganisms helps
to avoid many of these difficulties and, in combination with the membrane methods of
enzymatic purification, helps to intensify this process.

It is known [21] that Aspergillus niger secretes endoglucanase, exoglucanase, andβ-
glucosidases (EC 3.2.1.21, EC 3.2.1.4, EC 3.2.1.74), which have many biotechnological
and industrial applications. It was found that the purified enzyme with a molecular
weight of 116 kDa, forms monomers in the solution, according to the data of native gel
electrophoresis, and has a pI value of 4.55, as found for most fungal β-glucosidases.
Small-angle X-ray experiments showed that these β-glucosidases have a tadpole-like
structure, with an N-terminal catalytic domain and a C-terminal fibronect in III-like
domain (FnIII) linked by a long linker peptide (~100 amino acid residues) in an extended
conformation. This molecular organization resembles the organization of other cellulases
(such as, for example, cellobiohydrolases), which often contain a catalytic domain that is
associated with a cellulose-binding module, which mediates their binding to insoluble
and polymeric cellulose. The reasons why β-glucosidases from Aspergillus niger act on
small soluble substrates and have the form of a tadpole molecule, are not entirely clear.
However, assays with reduced enzymes with various polymeric substrates suggest that
these β-glucosidases have little or no ability to bind and adsorb cellulose, xylan, and
starch, but have a high lignin affinity. Molecular dynamics simulations have shown that
clusters of residues that are located in the C-terminal domain of FnIII, strongly interact
with lignin fragments. Modeling has shown that numerous arginine residues, scattered
over the surface of FnIII, play an essential role in the interaction with lignin through
the π-stacking of cations with lignin aromatic rings. These results indicate that the C-
terminal domain of FnIII can act to immobilize the enzyme on the cell wall and prevent
the unproductive binding of cellulase to lignin [21].

Aspergillus niger fungus produces a significant amount of cellulase and protease
activity in its extracellular environment. The maturation rate of fungi during the takeover
of large territories is unique (within three days, intensive sporulation occurs). This study
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is aimed at experimentally selecting the optimal process for the enzymatic hydrolysis
of cellulose-containing raw materials, using Aspergillus niger exposed to ultraviolet (UV)
radiation and chemical treatments.

2. Materials and Methods

2.1. Microorganisms

Aspergillus niger F-1270 was acquired from the collection of microorganisms of the
Federal Institution “State Research Institute of Genetics and Selection of Industrial Mi-
croorganisms of the National Research Center” Kurchatov Institute (Moscow, Russia).
The recommended cultivation conditions were as follows: temperature of 26 ◦C, and
a malt-peptone agar medium (malt extract 30 g/L, peptone 1 g/L, agar 20 g/L). The
culture medium was sterilized at 121 ◦C for 20 min. The cultivation was carried out by
the quadrant or the thinning streak methods on Petri dishes, in test tubes with a cotton
and gauze plug. The passage of microscopic fungi was carried out with a bacteriologi-
cal loop. In addition to the recommended medium, we used the Czapek–Dox and the
Mandels–Weber mineral nutrient media to stimulate cellulolytic activity [18].

Potato agar medium (potato extract/dried and milled potato waste 4 g/L, agar–
agar 15 g/L, pH 5) was used to stimulate starch-degrading activity. The media were
used for modifications with/without added cellulose and with/without added glucose.
Malt-peptone agar was used to disperse microorganisms.

At the stage of the exposure to mutagenic factors, these media were used with the
addition of glucose at a concentration of 1 g/L. The media were sterilized by autoclaving
at 121 ◦C for 20 min. A KH2PO4 solution and solution of trace elements (FeSO4·7H2O
5.0 mg/L, MnSO4·7H2O 1.6 mg/L, ZnSO4·7H2O 1.4 mg/L, CoCl2·6H2O 20 mg/L) were
prepared and sterilized separately, and the combination with the stock solution was
carried out after cooling solutions to room temperature.

The medium used for preparing a spore suspension and enzymatic hydrolysis
contained the following (g/L): 0.3 urea, 1.4 (NH4)2SO4, 2.0 KH2PO4, 0.4 CaCl2·2H2O,
0.3 MgSO4·7H2O, 1.0 peptone, 0.2 Tween 80, 0.005 FeSO4·7H2O, 0.0016 MnSO4·7H2O,
0.0014 ZnSO4·7H2O, 0.02 CoCl2·6H2O, 10.0 cellulose; pH 5.

As a control of cellulolytic activity, we used the “Cellulase Ultra” enzyme preparation
from Trichoderma reeseii (Sibbiopharm, Berdsk, Russia), a widespread cellulase-producing
culture [22], which can be used as a reference for studying the cellulase production of
Aspergillus niger. This preparation hydrolyzes β-1,4-glycosidic bonds with an activity
of 2500 U per 1 g of enzyme at working ranges of temperatures and pH between 30 to
65 ◦C and pH 2–7, respectively (optimum at 50–60 ◦C and pH 4.0–5.5).To prepare the
stock solution of the enzyme preparation (control 3), 10 mL (with an accuracy of 0.2 μL)
of the preparation was suspended in a small amount of distilled water (up to 50 cm3)
on a magnetic stirrer for 15 min. The suspension was quantitatively transferred into a
volumetric flask with a capacity of 200 cm3 and the volume was brought up to the mark
with distilled water. The resulting suspension was centrifuged at 7000 rpm for 15 min.
The supernatant was used for analysis.

2.2. Characterization and Pretreatment of Raw Materials

The cellulose of miscanthus (Miscanthus sinensis Andersson) was used as a substrate
for enzymatic hydrolysis. The cellulose of alder chips was used as the primary raw mate-
rial, and starch and cellulose-containing household waste (potato and bread) were used
as secondary raw materials. Miscanthus cellulose is a natural polysaccharide built from
anhydro-D-glucopyranose units interconnected with a β-glycosidic bond, with a degree
of polymerization (the number of elementary units in a cellulose macromolecule) of 15–20
thousand. The chemical composition of cellulose obtained from miscanthus included
α-cellulose 89.4%, ash content 0.34%, acid-insoluble lignin 1.45%, pentosans 9.4%; the crys-
tallinity index was 0.6. Alder chip cellulose is a natural cellulose, high-molecular-weight
linear polysaccharide, poly-1.4-β-D-glucopyranosyl-D-glucopyranose with a degree of
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polymerization from 2000 to 26,000. The average degree of polymerization of alder chip
cellulose is 5000–10,000. The chemical composition of cellulose obtained from miscanthus
included α-cellulose 88.4%, ash content 0.04%, lignin 0.44%, pentosans 6.0%; the crys-
tallinity index was 0.66. Cellobiose disaccharide is the main structural element that is
repeated in the polysaccharide macromolecule. Cellulose-containing waste includes the
following: α-cellulose 73.7–77.0%, ash content 0.03%, residual amount of lignin 3.7%,
pentosans 9–16%, resins and fats 0.04%; the viscosity of cellulose solutions is 31.0 mPa·s,
the crystallinity index is 0.56% [23,24].

The secondary raw materials were not additionally pretreated. Starch-containing
raw materials were used to advance knowledge of the Aspergillus niger activity against
potato starch. Filter paper (blue ribbon filter) was used to determine the cellulolytic
activity of microorganisms.

The primary raw material underwent alkaline and acid delignifications. Delignifica-
tion was performed under hydrolysis conditions with sodium hydroxide solution, namely,
10 g of dry biomass of miscanthus was placed in a two-neck round-bottom flask with a
magnetic stirrer, reflux condenser, and thermometer. Water was added to the biomass in
a ratio of 10:1, and 4 g of NaOH was added with stirring. The mixture was stirred for 4 h
at 75 ◦C. In the case of acid hydrolysis, trifluoroacetic acid (30 mL) and a 30% hydrogen
peroxide solution (20 mL) were used per 10 g of dry biomass supplemented with 50 mL
of water. In addition, 2 mL of sulfuric acid (H2SO4) was added to the reaction mixture as
a catalyst. The mixture was heated at 60 ◦C for an hour with constant stirring. As a result,
fibers were obtained, which were separated by filtration and washed with distilled water.

2.3. MALDI-TOFMethod

The process of optimizing the delignification conditions, and the procedure for the
physicochemical analysis of the reaction products, was carried out according to the tech-
nique described in [22]. For this, the MALDI-TOF method was used. The MALDI-TOF
method is based on the procedure of soft ionization of the test material (analyte), which
allows, in the presence of a special substance, the so-called matrix, under the influence of
a laser to ionize biological macromolecules (peptides, proteins, DNA, oligonucleotides,
lipopolysaccharides, and sugars) without their fragmentation and destruction. The most
widely used matrix is α-cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid (SA), fer-
ulic acid (FA), and 2,5-dihydroxybenzoic acid (DHB). After the laser beam ionization, the
system scans for microbial proteins, which generally fall in the range of 4000 to 20,000 Da
(60 to 70% of the dry weight of the bacterial cell). After desorption, predominantly single-
charged ionized molecules are accelerated in an electric field, enter the separating part of
the device (a tube in the cavity of which a vacuum is maintained), after passing through
which the ions reach the detector. The speed of movement and, accordingly, the time it
takes to travel from the point of ionization to the detector, is inversely proportional to
the mass of the ions. Knowing the path length of ion movement from the ionizer to the
detector, as well as the time of this movement, it is possible to calculate the speed of ion
movement and, based on its value, calculate the mass of particles present in the analyte,
as well as generate a spectrum characterizing the qualitative composition of the object
under study [25].

2.4. Induced Mutagenesis of Microorganisms

The studied microorganisms were consistently subjected to physical and chemical
mutagenic effects to enhance their cellulolytic properties. The technique used to induce
mutagenesis is described hereafter and was created based on those presented in [20,26–30]
and adapted to the existing conditions.

Physical mutagenesis was carried out in the microbiological safety cabinet BMB-II-
Laminar-S-1.2 (221.120) Class II (Type A2) using a Philips TUV 30W G13 ultraviolet
lamp (LAMSYSTEMS, Mias, Russia) with maximum radiation at253.7 nm. A suspension
based on sodium phosphate buffer (pH 7.0) at a concentration of 108 spores/mL was
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prepared from a 5-day culture of microorganisms. A quantity of 2 mL of the resulting
suspension was placed on a Petri dish with a nutrient medium. The medium contained the
following (g/L): 0.3 urea, 1.4 (NH4)2SO4, 2.0 KH2PO4, 0.4 CaCl2·2H2O, 0.3 MgSO4·7H2O,
1.0 peptone, 0.2 Tween 80, 0.005 FeSO4·7H2O, 0.0016 MnSO4·7H2O, 0.0014 ZnSO4·7H2O,
0.02 CoCl2·6H2O, 10.0 cellulose; pH 5.

Then, the cups were positioned at a distance of 10–13 cm from the UV lamp. The
exposure time varied from 45 to 120 min, after which the dishes were incubated in the
dark at 30 ◦C for three days. The spore solution was prepared as follows: A suspension
was prepared from a 3-day culture of microorganisms based on sodium phosphate buffer
(pH 7.0) and a concentration of 108 spores/mL. The resulting suspension was mixed with
a solution of sodium azide/ethidium bromide in ratios of 9:1 and 1:1. The concentration of
sodium azide in the solution was 5 and 400 mg/mL, ethidium bromide 5 and 150 mg/mL,
respectively. After exposure for 30 and 80 min at room temperature, the spores were
washed three times with sterile deionized water. The supernatant was removed after
15 min of centrifugation at 6000× g. Spores were resuspended in sodium phosphate
buffer and transferred to plates with a nutrient medium. They were incubated for 5 days,
after which the cellulolytic activity was checked and the most effective colonies were
selected for subsequent studies. A spore suspension was washed with 0.05 M citrate
buffer (pH = 4.8) from a plate with a 5-day culture.

Spore concentration was determined using a Hirst volumetric impaction sampler
(General Electric Company plc, Borehamwood, UK). The spores fixed on the strip were
examined using a light microscope. Ten fields of view were selected and the number of
spores was counted on the strip segment corresponding to a 3-h log.

Chemical mutagenesis was performed as described above using the sole sodium
azide and ethidium bromide treatment. Spores were resuspended in sodium phosphate
buffer and transferred onto plates with a nutrient medium. Spores were incubated for
5 days, followed by a verification of cellulolytic activity and the selection of the most
effective colonies for subsequent studies.

2.5. CellulolyticActivities Measurement

Cellulase activity was determined using an enzymatic assay.
The Bradford method [31] was used to obtain the protein concentration. This method

is based on the shift of the absorption maximum of the optical density of the acid blue
90 (Coomassie Brilliant Blue R-250) dye from 470 to 595 nm, observed due to the binding
of the protein to the dye.

The enzymatic activity of the preparation was determined in comparison with a
standard sample (SS) of this enzyme under the same experimental conditions. The
enzymatic activity (EA) in the appropriate units (IU or U) was calculated by the following
formula [32]:

EA = P·C · A0/P0, (1)

where A0—SS enzymatic activity is in units (IU or U) per 1 g of protein or preparation;
P0—value of the measured parameter for SS; p—value of the measured parameter for
the test preparation; C—coefficient equalizing the concentrations of solutions of the test
preparation and SS.

Enzyme activity is expressed in international units IU (or U) and is equal to the
amount of enzyme that catalyzes the conversion of 1 μM of reducing sugars (glucose
equivalent) in 1 min at 50 ◦C.

2.6. Aspergillus Niger Growth Parameters and Determination of the Concentration of Spores
in Suspension

The protocol used for the enzymatic hydrolysis is an adaptation of the hydrolysis
techniques described in the literature [32,33]. Enzymatic hydrolysis was carried out in
1 and 0.25 L conical flasks with cotton and gauze plugs with a working volume of 200
and 50 mL, respectively. The flasks were closed with plastic stoppers and periodically
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stirred in an IKA KS4000I control incubator shaker (DV-Ekspert, Moscow, Russia). Stirring
trajectory was orbital. Torque range was from 10 to 500 rpm. The reaction was carried
out under static conditions at a temperature of 30–37 ◦C for 3–7 days. The substrate
concentration in all samples was 60 g/L. The inoculum concentration varied from 106 to
108 spores/mL. The growth curve of A. niger during cultivation is shown in Figure 1. The
strains were grown at a temperature of 27–30 ◦C.
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Figure 1. A. niger growth curve.

The concentration of the spore suspension was obtained measuring A600 Smart
Spec Plus spectrophotometer (BioRad Laboratories Inc., Hercules, CA, USA) (r = 0.63).
Enzymatic activity was interrupted by heating in an autoclave to 121 ◦C without standing.

2.7. Optimization of Conditions for Enzymatic Hydrolysis

Original and treated strains were cultivated under the same conditions. To optimize
the parameters of enzymatic hydrolysis, the cellulase activity of treated and original
strains of Aspergillus niger were studied at temperatures of 30, 37, and 50 ◦C. The enzymatic
activity of original and treated microorganisms was compared at these temperatures.
The influence of the composition of the nutrient medium, on which the microorganism
culture (UV microorganism) was incubated, on the cellulolytic activity during hydrolysis
was assessed. For this purpose, microorganisms were inoculated in malt-peptone agar,
Czapek–Dox medium, Mandels–Weber saline medium, and potato agar [18]. These media
were used because they are standard nutrient media for the cultivation of microorganisms
(in particular, fungi), contain all the necessary nutrient components (sources of sodium,
potassium, magnesium, iron, agar, peptone, sucrose, and other nutrient components),
have optimal pH for the development of microorganisms. They are easy to prepare and
convenient to use.

The hydrolysis duration was 1 h and 48 h. To optimize the enzymatic hydrolysis
parameters, the total cellulolytic activity level of all studied strains was determined
relative to the following different compositions of raw materials: filter paper, recycled
cellulose-containing raw materials, secondary starch-containing raw materials (fruit waste,
potato starch), miscanthus cellulose after alkaline pretreatment, miscanthus cellulose after
acid pretreatment and cellulose. Small substandard fruit products affected by pests (a
mixture of apricots and prunes 1:1) were used as substrates (fruit waste) for enzymatic
hydrolysis. Fruits were ground using a KT-1321 laboratory grinder (Profit, Moscow,
Russia). Potato starch was obtained by processing substandard, non-standard small
potatoes, as described in [34].
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2.8. Method for the Analysis of Hydrolysis Products

The content of reducing substance in the sample was determined using the reagent
3,5-dinitrosalicylic acid (DNS) according to the method described in GOST R 54905-
2012 (Enzyme preparation. Methods of beta-glucanase enzyme activity determination),
which allows determining the total amount of reducing sugars (in our studies it was
glucose) [35,36]. Glucose is the most important reducing substance in hydrolyzed cellulose
samples.

A solution of 1% DNS per 1 L was prepared by dissolving 10 g of DNS in a small
amount of water at room temperature and the subsequent gradual addition of 16.05 g of
sodium hydroxide and 300 g of potassium–sodium tartrate (in a water bath at 47 ± 1 ◦C,
“soft” cooling that does not destroy the molecules of substances). The reagents were
purchased from Pushchinskie Laboratorii (Moscow, Russia). The resulting solution had
a bright yellow color. To construct a calibration graph, a stock solution of D-glucose
(1 μmol/mL) and a series of its dilutions (0.3–0.6 μmol/mL) were prepared based on
citrate or acetate buffer, depending on the medium in which the hydrolysis was carried
out. Before analysis, the DNS solution was measured on a spectrophotometer to clarify
the absorption maximum. The obtained value (530 nm) was slightly lower than that
indicated in GOST (540 nm). To assess the content of the reducing substance, and to
build a calibration curve, a 2 mL solution of DNS was thoroughly mixed with 1 mL of
the sample and heated in a water bath for 5 min with an accuracy of a few seconds.
After cooling, the sample volume was brought to 25 mL with buffer and analyzed on a
Shimadzu UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan) at a wavelength of 530
nm in cuvettes with a 10 mm light-absorbing layer.

2.9. Statistical Analysis Methods

Statistical processing was performed using Excel (2019, Microsoft, Redmond, Wash-
ington, USA) and IBM SPSS Statistics 22 (2013, SPSS: An IBM Company, Chicago, IL,
USA). All experiments were carried out in triplicate. Data are presented as the median
± standard deviation. The Kruskal–Wallis test was used to compare the medians of
the samples (significance of differences at p < 0.05). For intergroup comparisons, the
Mann–Whitney U-test was used with the Bonferroni correction (significance of differences
at p < 0.01). To check for the presence of a correlation between the UV exposure time and
quantitative indicators of cellulolytic activity, the Spearman’s rank correlation coefficient
was used (significance of differences at p < 0.05).

3. Results

3.1. Evaluation of the Original Strain Cellulolytic Activity

The effect of the buffer on the cellulolytic activity of A. niger (37 ◦C, pH = 4.7) is
shown in Table 1.

Table 1. Effect of buffer on A. niger cellulolytic activity (concentration of reducing substance,
mg/mL).

Buffer CM
Control 1 Control 2

1 h 48 h 1 h 48 h

citrate
1 0.22 ± 0.01 0.23 ± 0.01 0.21 ± 0.03 0.78 ± 0.03

0.1 0.22 ± 0.01 0.23 ± 0.01 0.19 ± 0.06 0.61 ± 0.09
0.05 0.23 ± 0.01 0.23 ± 0.02 0.24 ± 0.04 0.45 ± 0.03

acetate
1 0.35 ± 0.01 0.34 ± 0.01 0.38 ± 0.02 0.37 ± 0.03

0.1 0.35 ± 0.01 0.34 ± 0.02 0.36 ± 0.01 0.42 ± 0.02
0.05 0.37 ± 0.03 0.47 ± 0.03 0.24 ± 0.04 0.40 ± 0.01

CM—molar concentration; control 1—without microorganisms; control 2—with the original A. niger strain
(the concentration of the reducing substance has been reduced). Hydrolysis substrate–filter paper (50 mg/L,
according to the commercial enzyme dosage). Data are presented as median ± standard deviation (n = 3).
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The cellulolytic activity of the original A. niger strain was evaluated, compared to
the control without microorganisms (Table 1). The 50 mM citrate buffer was found to be
more suitable for enzymatic hydrolysis with A. niger, and this advantage was noticeable
after 48 h of hydrolysis.

The cellulolytic activity of A. niger (37 ◦C, pH = 4.7) in various substrates is shown in
Table 2. In addition to reducing sugars, a protein complex was found.

Table 2. A. niger cellulolytic activity (concentration of the reducing substance, mg/mL) in
different substrates.

Samples
Substrates

1 2 3 4 5 6

Control 1 0.24 ± 0.04 0.35 ± 0.01 0.34 ± 0.01 0.39 ± 0.01 0.34 ± 0.01 0.36 ± 0.01

Control 2 0.37 ± 0.03 0.41 ± 0.01 0.52 ± 0.01 0.75 ± 0.01 0.67 ± 0.01 0.38 ± 0.01
Control 1—without microorganisms; control 2—with the original A. niger strain. Hydrolysis substrates: 1—
filter paper (50 mg/L, according to the commercial enzyme dosage), 2—secondary cellulose-containing raw
materials, 3—secondary starch-containing raw materials, 4—miscanthus cellulose after alkaline pretreatment,
5—miscanthus cellulose after acid pretreatment, 6—wood chip cellulose. Data are presented as median ±
standard deviation (n = 3).

When comparing the cellulase activity of A. niger with non-model substrates, it was
found that the maximum conversion of cellulose into reducing sugars was observed when
using miscanthus cellulose, and the minimum when using alder chips (Table 2). Reducing
substances were found in insignificant amounts in control 1 (without microorganisms),
since reducing sugars were included in the culture media of A. niger.

The MALDI-TOF method was used to study the residues of oligosaccharides and
lignin in the filtrate. The cellulose yield was 87% with alkaline treatment and 95% with
the acid one. The resulting substrate was sterilized by autoclaving for 20 min at 121 ◦C.
The results of studying oligosaccharides and lignin that were extracted in the process of
producing cellulose (pulp) from the miscanthus biomass, are shown in Figure 2.

Figure 2. The study of the reaction mixture aqueous phase after delignification by MALDI-TOF spectrometry.
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Next, we studied the aqueous phase of the reaction mixture after delignification by
MALDI-TOF spectrometry. The analysis of the obtained MALDI-TOF mass spectrometry
data resulted in a conclusion on the structure of lignin fragments extracted into an alkaline
solution (Figure 3).

Figure 3. Structure of lignin fragments extracted during the cellulose (pulp) production from miscanthus biomass by
hydrotropic delignification in the presence of sodium hydroxide.

The results of the studied oligosaccharides and lignin from the miscanthus biomass,
by the method of hydrotropic delignification, presented in Figure 1, show that the signal
with a mass of 663.676 m/z corresponds to dimeruphenylcumaronic acid, the signal
with a mass of 518.523 m/z corresponds to the dimer 1-(4-methoxyphenyl)phenyl)-2-
phenylethane-1,2-diol, and the signal with a mass of 449.278 m/z corresponds to a phenoxy-
phenylcumaronic acid fragment.

3.2. Analysis of the Enzyme Preparation Cellulolytic Activity

In the second stage of the study, the cellulase activity of a commercial enzyme
preparation was studied, in the concentration range of 0.1–10 mg/1.5 mL of citrate
buffer, relative to a model cellulose substrate, i.e., filter paper (50 mg/L, according to
the commercial enzyme dosage). The results are shown in Table 3. The obtained data
are consistent with the dosages and units of the commercial enzyme for all types of
cellulose-containing raw materials.

The enzyme preparation with a concentration of 10 mg/mL on the miscanthus
cellulose substrate after alkaline pretreatment (Table 3) had the highest cellulase activity.

3.3. Cellulolytic Activity of A. niger Mutant Strains

UV radiation damages the overall microbial structure. Numerous kinds of mutations
are caused by UV irradiation, as follows: base substitution (transitions and transversions)
and reading frame shifts (deletions and insertions). Complex mutations also occurin
DNA, when one of its sections is replaced by one of a different length and a different
nucleotide composition. Mutations are formed unevenly along the DNA; therefore,
chemical mutagenesis is additionally used. As a result of the induced mutagenesis of
A. niger spores by UV irradiation and/or chemical mutagenesis, mutated strains were
obtained, as shown in Figure 4.

A qualitative assessment of the cellulolytic activity of the UV-treated A. niger strain
is shown in Figure 5.

A qualitative reaction using a Congo red solution (Figure 4) showed an increase in
the cellulolytic activity of the treated A. niger samples, by increasing the light spot radius
around the colony.
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Table 3. Characterization of the cellulase activity (concentration of the reducing substance, mg/mL) of the
enzyme preparation.

Enzyme Preparation
Concentration, mg/mL

Substrates

1 2 3 4 5 6

30 ◦C

Control 2 0.24 ± 0.04 a 0.35 ± 0.01 a 0.34 ± 0.01 a 0.39 ± 0.01 ab 0.34 ± 0.01 a 0.38 ± 0.01 a

0.1 0.37 ± 0.01 ab 0.46 ± 0.01 b 0.61 ± 0.01 b 0.37 ± 0.01 ab 0.50 ± 0.01 b 0.39 ± 0.01 a

1 0.50 ± 0.01 b 0.52 ± 0.01 b 0.67 ± 0.01 b 0.50 ± 0.01 b 1.22 ± 0.01 c 0.73 ± 0.01 b

10 0.71 ± 0.01 c 0.70 ± 0.01 c 0.90 ± 0.01 c 0.71 ± 0.01 c 2.40 ± 0.01 d 1.27 ± 0.02 c

37 ◦C

Control 2 0.24 ± 0.04 a 0.35 ± 0.01 a 0.34 ± 0.01 a 0.39 ± 0.01 a 0.34 ± 0.01 a 0.38 ±0.01 a

0.1 0.39 ± 0.01 b 0.55 ± 0.01 b 1.00 ± 0.01 b 0.54 ± 0.01 b 0.90 ± 0.01 b 0.43 ± 0.01 a

1 1.80 ± 0.01 c 1.11 ± 0.01 c 2.13 ± 0.01 c 2.09 ± 0.01 c 2.01 ± 0.01 c 0.75 ± 0.01 b

10 1.84 ± 0.01 c 2.34 ± 0.01 d 3.06 ± 0.01 d 7.42 ± 0.03 d 3.00 ± 0.01 d 3.42 ± 0.02 c

50 ◦C

Control 2 0.24 ± 0.04 a 0.35 ± 0.01 a 0.34 ± 0.01 a 0.39 ± 0.01 a 0.34 ±0.03 a 0.38 ±0.01 a

0.1 0.48 ± 0.01 b 0.88 ± 0.01 b 0.49 ± 0.01 b 0.83 ± 0.01 b 1.03 ± 0.01 b 0.47 ± 0.01 a

1 1.71 ± 0.01 c 2.31 ± 0.01 c 2.06 ± 0.01 c 3.15 ± 0.01 c 2.08 ± 0.01 c 1.32 ± 0.01 b

10 2.19 ± 0.01 d 4.59 ± 0.02 d 2.53 ± 0.01 c 5.14 ± 0.03 d 4.23 ± 0.02 d 3.76 ± 0.01 c

Control 2—with the original A. niger strain. Hydrolysis substrates: 1—filter paper, 2—secondary cellulose-containing raw materials,
3—secondary starch-containing raw materials, 4—miscanthus cellulose after alkaline pretreatment, 5—miscanthus cellulose after acid
pretreatment, 6—wood chip cellulose. Data are presented as median ± standard deviation (n = 3). Values in a column followed by the same
letter a, b, c and d do not differ significantly (p > 0.05) as assessed by the Kruskal–Wallis test.
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Figure 4. Morphology of A. niger conidiophores: (a)—original; (b)—UV-treated (2ч); (c)—chemically treated,
(magnification 400×).

Quantitative assessment of the enzymatic activity of cellulase that was obtained
using treated A. niger, on Mandels–Weber medium (M-W) and potato agar (PA) me-
dia, is shown in Table 4. These media were chosen because they contain the main
nutrient components for the microbiological production of cellulases, which are as
follows: (NH4)2SO4, KH2PO4, CaCl2·2H2O, MgSO4·7H2O, FeSO4·7H2O, MnSO4·H2O,
ZnSO4·7H2O, CoCl2·6H2O, peptone, carbohydrates, and other nutrients. When cultivated
on these media, A. niger and reference T. reesei show the greatest growth [37].
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Figure 5. Qualitative assessment of the cellulolytic activity of the UV-treated A. niger strain: (a) all
strains on one plate (left—mutants grown on potato agar (PA); right—grown on Mandels–Weber
(M-W) medium; in the center control (C)—original strain; from top to bottom there are strains with
different modes of exposure); (b) strain obtained by UV irradiation for 45 min; (c) strain obtained
by UV irradiation for 1 h; (d) strain obtained by intermittent UV irradiation for 1 h, (e) a strain
obtained by UV irradiation for 2 h; (f) strain obtained by UV irradiation for 2 h with additional
exposure (NaN3 + ItBr).

Table 4. Quantitative assessment (concentration of the reducing substance, mg/mL) of the enzy-
matic activity cellulase obtained using treated A. niger.

Samples

Substrates

M-W PA

1 2 1 3

Control 1 0.04 ±0.03 a 0.10 ±0.03 a 0.04 ± 0.01 a 0.06 ± 0.02 a

Control 2 0.23 ± 0.01 b 0.38 ± 0.03 b 0.23 ± 0.01 b 0.36 ± 0.08 b

UV45 0.64 ± 0.01 c 1.45 ± 0.05 c 0.70 ± 0.02 c 1.61 ± 0.03 c

UV60 0.69 ± 0.02 c 1.84 ± 0.01 cd 0.68 ± 0.06 c 15.63 ± 4.41 d

UV60-I 0.82 ± 0.09 c 1.46 ± 0.01 c 0.73 ± 0.02 c 1.68 ± 0.21 c

UV120 0.36 ± 0.02 b 2.41 ± 0.81 d 0.36 ± 0.02 b 16.99 ± 3.86 d

UV120 + CH30 1.78 ± 0.14 d 2.41 ± 0.01 d 1.10 ± 0.01 d 3.76 ± 0.01 e

UV120 + CH80 0.68 ± 0.01 c 2.10 ± 0.01 d 0.69 ± 0.01 c 2.05 ± 0.01 be

MIX 1.24 ± 0.01 d 6.44 ± 0.01 e 0.76 ± 0.04 c 16.04 ± 0.02 d

Control 1—without microorganisms, control 2—original A. niger strain, UV45—mutant A. niger strain obtained
by UV irradiation for 45 min; UV60—mutant A. niger strain obtained by UV irradiation for 60 min; UV60-I—
mutant A. niger strain obtained by interval UV irradiation for 60 min; UV120—mutant A. niger strain obtained
by UV irradiation for 120 min; UV120 + CH30—mutant A. niger strain obtained by UV irradiation for 120
min followed by chemical treatment with NaN3 + ItBr for 30 min; UV120 + CH80—mutant A. niger strain
obtained by UV irradiation for 120 min followed by chemical treatment with NaN3 + ItBr for 80 min; MIX—a
mixture of all A. niger strains (original, UV, UV + CH). Hydrolysis substrates: 1—filter paper, 2—secondary
cellulose-containing raw materials, 3—secondary starch-containing raw materials; M-W—Mandels–Weber
medium, PA—potato agar. Data are presented as median ± standard deviation (n = 3). Values in a column
followed by the same letter a, b, c, d and e do not differ significantly (p > 0.05) as assessed by the Kruskal–Wallis
test.

Quantification of the enzymatic activity of the treated strains also showed a positive
result (Table 4). The highest enzymatic activity was observed for the MIX sample on PA
medium, and it was 16.04 ± 0.02 mg/mL.
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3.4. Optimization of Conditions for Enzymatic Hydrolysis

The numerical values of the optimization of the temperature of enzymatic hydrolysis
are shown in Table 5. The optimal growth range for A. niger was 27–30 ◦C.

Table 5. Optimization of the temperature factor during enzymatic hydrolysis.

Substrates T, ◦C
Reducing Substance, mg/mL

Control 1 Control 2 UV120 UV120 + CH30

1
30 0.24 ± 0.04 a/a 0.36 ± 0.01 a/a 0.39 ± 0.01 a/a 0.57 ± 0.01 a/b

37 0.24 ± 0.04 a/a 0.37 ± 0.03 a/a 0.36 ± 0.02 a/a 1.78 ± 0.14 b/b

50 0.24 ± 0.05 a/a 0.36 ± 0.06 a/a 0.55 ± 0.07 b/b 1.16 ± 0.05 c/c

2
30 0.35 ± 0.01 a/a 0.41 ± 0.01 a/a 1.56 ± 0.01 a/b 1.92 ± 0.01 a/c

37 0.39 ± 0.03 a/a 0.41 ± 0.01 a/a 2.41 ± 0.01 b/b 2.41 ± 0.01 b/b

50 0.39 ± 0.04 a/a 0.43 ± 0.02 a/a 2.06 ± 0.52 b/b 2.50 ± 0.86 b/c

3
30 0.34 ± 0.01 a/a 0.37 ± 0.01 a/a 10.94 ± 0.11 a/b 2.05 ± 0.01 a/c

37 0.37 ± 0.09 a/a 0.52 ± 0.01 a/b 16.99 ± 3.86 b/c 3.76 ± 1.01 b/d

50 0.63 ± 0.02 b/a 0.66 ± 0.01 b/a 12.34 ± 1.37 c/b 2.78 ± 0.52 a/c

4
30 0.39 ± 0.01 a/a 0.39 ± 0.01 a/a 0.87 ± 0.01 a/b 1.05 ± 0.01 a/b

37 0.37 ± 0.01 a/a 0.75 ± 0.01 b/b 1.68 ± 0.41 b/c 1.07 ± 0.01 a/b

50 0.36 ± 0.02 a/a 1.05 ± 0.09 c/b 4.27 ± 0.56 c/c 1.08 ± 0.35 a/b

5
30 0.34 ± 0.01 a/a 0.39 ± 0.01 a/ab 0.54 ± 0.01 a/b 2.15 ± 0.01 a/c

37 0.34 ± 0.01 a/a 0.67 ± 0.01 b/b 0.61 ± 0.01 a/b 4.83 ± 0.01 b/c

50 0.85 ± 0.03 b/a 0.77 ± 0.05 b/b 2.64 ± 0.34 b/c 1.72 ± 0.88 c/d

6
30 0.34 ± 0.01 a/a 0.39 ± 0.01 a/a 0.36 ± 0.01 a/a 1.01 ± 0.01 a/b

37 0.36 ± 0.01 a/a 0.38 ± 0.01 a/a 0.38 ± 0.01 a/a 1.31 ± 0.01 a/b

50 0.36 ± 0.01 a/a 0.36 ± 0.03 a/a 1.06 ± 0.02 b/b 1.09 ± 0.21 a/b

Control 1—without microorganisms, control 2—original A. niger strain, UV120—mutant A. niger strain obtained by UV irradiation for
120 min; UV120 + CH30—mutant A. niger strain obtained by UV irradiation for 120 min followed by chemical treatment with NaN3 + ItBr
for 30 min. Hydrolysis substrates: 1—filter paper, 2—secondary cellulose-containing raw materials, 3—secondary starch-containing raw
materials, 4—miscanthus cellulose after alkaline pretreatment, 5—miscanthus cellulose after acid pretreatment, 6—wood chip cellulose.
Data are presented as median ± standard deviation (n = 3). Values in a column/row followed by the same letter a, b, c and d do not differ
significantly (p > 0.05) as assessed by the Kruskal–Wallis test.

The recommended temperature for enzymatic hydrolysis with UV120 + CH30, using
filter paper, secondary starch-containing raw materials, miscanthus cellulose after acid
pretreatment, and wood chip cellulose, was 37 ◦C (Table 5).

The amount of protein produced by A. niger, determined by the Bradford method, is
shown in Table 6.

Table 6. The amount of protein produced by A. niger according to the Bradford method.

Substrates
Protein Amount, mg/mL

Control 2 Control 3 UV120 UV120 + CH30

1 1008 ± 20 a 1152 ± 30 b 1075 ± 20 a 1196 ± 30 b

2 1004 ± 20 a 1049 ± 20 ab 1063 ± 20 b 1064 ± 20 b

3 1022 ± 20 a 1109 ± 30 a 1250 ± 30 b 1150 ± 30 ac

4 1060 ± 20 a 1200 ± 30 b 1180 ± 30 b 1185 ± 30 b

5 1039 ± 20 a 1104 ± 20 ab 1004 ± 20 a 1199 ± 30 b

6 1007 ± 20 a 1109 ± 20 b 1004 ± 20 a 1083 ± 20 ab

Control 2—original A. niger strain, control 3—enzyme preparation, UV120—mutant A. niger strain obtained
by UV irradiation for 120 min; UV120 + CH30—mutant A. niger strain obtained by UV irradiation for 120
min followed by chemical treatment with NaN3 + ItBr for 30 min. Hydrolysis substrates: 1—filter paper,
2—secondary cellulose-containing raw materials, 3—secondary starch-containing raw materials, 4—miscanthus
cellulose after alkaline pretreatment, 5—miscanthus cellulose after acid pretreatment, 6—wood chip cellulose.
Data are presented as median (n = 3). Values in a row followed by the same letter a, b and c do not differ
significantly (p > 0.05) as assessed by the Kruskal–Wallis test.
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The greatest amount of proteins (Table 5) is produced by strain UV120, on a substrate
containing secondary starch-containing raw materials.

According to Formula (1), the activity of the cellulolytic enzymes of A. niger, original
and subjected to undirected mutagenesis (in addition to a commercial preparation for
comparison), during hydrolysis of the considered substrates, was calculated (Table 7).

Table 7. Comparison of the enzymatic activity of microorganisms.

Substrates T, ◦C
Activitiesper Unit Time, IU

Control 2 Control 3 UV120 UV120 + CH30

1
30 0.7 a 2.7 b 0.8 a 1.8 d

37 0.7 a 9.1 b 0.7 a 8.6 b

50 0.7 a 10.8 b 1.7 a 5.1 d

2
30 0.1 a 2.3 b 6.7 c 8.7 cd

37 0.1 a 11.1 b 11.2 b 11.2 b

50 0.2 a 24.2 b 9.3 c 11.7 d

3
30 0.2 a 2.8 b 58.9 c 9.5 d

37 0.8 a 15.2 b 92.3 c 18.8 b

50 0.2 a 12.1 b 65.1 c 11.9 b

4
30 0.1 a 2.3 b 2.7 b 3.7 d

37 2.1 a 38.8 b 7.3 c 3.9 d

50 3.8 a 26.2 b 21.7 b 4.0 a

5
30 0.3 a 11.1 b 1.1 c 10.1 b

37 1.8 a 15.3 b 1.5 a 24.9 d

50 0.0 a 18.7 b 9.9 c 4.8 d

6
30 0.3 a 5.2 b 0.1 a 3.7 d

37 0.1 a 17.1 b 0.1 a 5.3 d

50 0.0 a 24.2 b 3.9 c 4.1 cd

Control 2—original A. niger strain, control 3—enzyme preparation, UV120—mutant A. niger strain obtained
by UV irradiation for 120 min; UV120 + CH30—mutant A. niger strain obtained by UV irradiation for 120
min followed by chemical treatment with NaN3 + ItBr for 30 min. Hydrolysis substrates: 1—filter paper,
2—secondary cellulose-containing raw materials, 3—secondary starch-containing raw materials, 4—miscanthus
cellulose after alkaline pretreatment, 5—miscanthus cellulose after acid pretreatment, 6—wood chip cellulose.
Data are presented as median (n = 3). Values in a row followed by the same letter a, b, c and d do not differ
significantly (p > 0.05) as assessed by the Kruskal–Wallis test.

The most active strain was UV120 when secondary starch-containing raw materials
were used as a substrate (Table 7).

The Kruskal–Wallis test showed statistically significant differences (p < 0.05) when
comparing the cellulolytic activity of four groups (control 2, control 3, UV120, strain
UV120 + CH30), relative to the substrates 1, 2, 3, 4, and 5, under all three temperatures
(30, 37, and 50 ◦C). When using the substrate six, significant differences between the
groups were found at temperatures of 30 and 37 ◦C. In all the cases, differences were
found with a 1 h hydrolysis. The influence of the composition of the nutrient medium on
which the culture of the microorganism (UV) was incubated, on the cellulolytic activity
during hydrolysis, was assessed (Figure 6a). To assess the contribution of the pH level
during the hydrolysis process, a substrate was used that showed the highest sensitivity to
the action of cellulases of the studied microorganism. The UV-treated strain (UV120) was
used as an enzyme source, as the most effective one (Figure 6b).
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Figure 6. Comparison of the enzymatic activity of UV120 strain when cultivated on different nutrient media (a) and different
pH values of the medium during hydrolysis (b): I—MPA, II—C-D, III—M-W, IV—PA; 1—30 ◦C, 2—37 ◦C, 3—50 ◦C.

To summarize the data, a comparative histogram is presented, which clearly shows
the level of total cellulolytic activity of all the studied strains relative to different types of
substrate (Figure 7).
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Figure 7. Comparison of cellulolytic activity of original (control 2) and treated A. niger (UV120 and UV120 + CH30) with a
commercial enzyme preparation (control 3) at the following different process temperatures: I—37 ◦C; II—50 ◦C. Control
1—without microorganisms, control 2—original A. niger strain, control 3—enzyme preparation, UV120—mutant A. niger
strain obtained by UV irradiation for 120 min; UV120 + CH30—mutant A. niger strain obtained by UV irradiation for
120 min followed by chemical treatment with NaN3 + ItBr for 30 min. Hydrolysis substrates: 1—filter paper, 2—secondary
cellulose-containing raw materials, 3—secondary starch-containing raw materials, 4—miscanthus cellulose after alkaline
pretreatment, 5—miscanthus cellulose after acid pretreatment, 6—wood chip cellulose. The red dotted line is the maximum
level of enzymatic activity of the original A. niger strain. Data are presented as median ± standard deviation (n = 3).
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The greatest reducing substanceis evidenced in starch-containing raw materials,
which indicates that A. niger can ferment not only through cellulase activity, but also via
amylolytic activity [16].

4. Discussion

In the first stage of this study, the cellulolytic activity of the original A. niger strain
was assessed in relation to six insoluble substrates, one of which being the model (filter
paper). It was found that citrate buffer, with a concentration of 50 mM, was more suitable
for enzymatic hydrolysis, and the advantage was noticeable after 48 h of hydrolysis
(Table 1). The hydrolysis conditions were as follows: stationary, 30 ◦C, and pH = 4.7.
The recommended substrate (filter paper) concentration for hydrolysis is 50 mg/L. With
a further increase in the concentration of the substrate, the formation of the reducing
substance decreased. The relatively low degree of hydrolysis (Table 1) is explained by the
endothermicity of this process. The degree of hydrolysis increased concomitantly with
the increasein temperature, and the equilibrium shiftedtowards the hydrolysis products
formation, as confirmed by the data in Table 3.

When using acetate buffer as a medium for the hydrolysis process, the yield of
the reducing substance was slightly higher in comparison with that of the citrate buffer.
However, when a suspension of microorganisms was added to the acetate buffer, the
yield of the reducing substance dropped. It is likely that the acetate buffer inhibited the
functioning of the microorganisms. In addition, it was noted [32] that the acetate buffer is
able to suppress the enzymatic activity of microorganisms, which can adversely affect
further use of the hydrolysate under alcoholic fermentation.

When comparing the cellulase activity of A. niger with non-model substrates (Table 2),
it was found that the maximum conversion of cellulose into reducing sugars was observed
when using miscanthus cellulose (with alkaline pretreatment), and the minimum one was
observed using wood chips. The hydrolysis conditions were as follows: stationary, 37 ◦C,
and pH = 4.7.

As a result of the first stage, it was revealed that the studied original strain exhibited
stable, but low, cellulase activity. Our results agree with the data that are available in
the literature. Thus, in foreign studies in this area, it is customary to use either directed
genetically treated microorganisms or commercial enzyme preparations. In Russian
studies, it is customary to use commercial enzyme preparations. Within the framework of
this study, a decision was made to activate cellulase activity by physicochemical action,
and also to optimize the enzymatic hydrolysis. The expected results were obtained,
which confirms the adequacy of the functioning of a commercial enzyme preparation; an
increase in cellulolytic activity, with an increase in the dose of the preparation, and with
an increase in the temperature of the hydrolysis. Our results allow for the correlation of
the level of enzymatic activity in the studied microorganisms, with cultivation conditions.
The hydrolysis conditions were as follows: stationary, 37 ◦C, and pH = 4.7. The filter paper
was hydrolyzed according to a commercial enzyme dosage of 50 mg/L. The obtained
data are consistent with the dosages and units of the commercial enzyme for all types of
cellulose-containing raw materials.

A qualitative reaction, using a Congo red solution (Figure 3), showed an increase
in the cellulolytic activity of the treated A. niger samples, by increasing the radius of the
light spot around the colony (the dye reacts with glucose obtained from the cleavage of
cellulose contained in the medium). A variant of the medium without the addition of
simple carbohydrates was used for verification purposes.

A quantitative assessment of the enzymatic activity of the mutant strains also showed
a positive result (Table 4). The obtained data are consistent with the dosages and units of
the commercial enzyme for all types of cellulose-containing raw materials.

After mutagenic action, the spore suspension was separated and partly cultivated
on a nutrient medium containing cellulose, and partly on a medium containing potato
waste. The total cellulase activity of the first passage was maximal in the cultures that
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were exposed to UV treatment for two hours; as the UV exposure time increased to two
hours, the cellulase activity of the surviving part of the culture increased (r = 0.706; p <
0.05).

The studied temperature range was limited from 30 to 50 ◦C. With respect to sec-
ondary raw materials, enzymatic hydrolysis using treated strains was more efficient at 37
◦C, whereas miscanthus cellulose and wood chips were more efficiently hydrolyzed at 50
◦C. The obtained data are consistent with the literature [26,34,38–44]. In these studies, the
highest enzymatic activity of the relative secondary raw materials was found in the UV
strain (92.3 IU/h or 1.5 IU/min).

Comparatively, similar data were obtained in [26], in which the cellulase activity
of A. niger during the hydrolysis of fruit wastes was 64.5 IU. Zao et al. [43] showed an
increase in enzymatic activity with the combined use of recombinant A. niger and T. reesei,
up to 12 IU. In a study by Abdullah et al. [44], the cellulase activity of UV-treated Bacillus
sp. increased to 11 IU compared to the control (7.5 IU).

The enzymatic activity of the strains that were obtained in this work, relative to the
primary raw material (miscanthus cellulose and wood chips), and filter paper in some
cases, was inferior to that of the commercial enzyme preparation (8.6 versus 9.1 IU in the
hydrolysis of filter paper, for example). However, it was possible to increase the total
cellulase activity in the case of joint use.

During the fermentation of miscanthus cellulose (Table 8) in an acidic medium,
A. niger UV120 + CH30, obtained by us, exhibited a greater enzymatic activity than the
microorganisms that have been presented in other studies [43,44]. However, during the
hydrolysis of fruit waste and wood chips, it was possible to achieve a greater enzymatic
activity of A. niger.

Table 8. Cellulose fermentation indicators.

Hydrolysis
Temperature, ◦C

Hydrolysis pH Microorganisms
Secondary Raw

Materials
Enzymatic

Activities, IU
Sources

37 4.7 A. niger UV120 + CH30 Miscanthus cellulose 24.9 Our results
40 4.0 A. niger Fruit waste 64.5 [26]
40 5.1 A. niger and T. reesei Miscanthus cellulose 12.0 [43]
35 4.8 Bacillus sp. Miscanthus cellulose 11.0 [44]
50 4.7 A. niger Wood chips 92.3 [34,38–44]

The results of the enzymatic activity of the samples vary significantly (Table 8).
However, they prove the possibility of obtaining an enzyme that breaks down cellu-
lose of various origins, and the very fact of this enzymatic cleavage. The variation in
the parameters is explained by the difference in the microorganisms producing the en-
zyme, and the conditions of enzymatic hydrolysis (different temperature, time, pH of the
process) [26,34,38–44].

The results of the study favor the use of the PA and M-W media, in addition to a more
acidic medium (pH = 4.4). A higher enzymatic activity of cellulases inthe mutated A. niger,
compared to the original strain, was shown. When using the A. niger UV strain, the highest
yield of the reducing substance was observed when using secondary starch-containing
raw materials, at both 37 and 50 ◦C. It is more expedient to carry out enzymatic hydrolysis
of the wood chips and cellulose of miscanthus using a UV strain at a temperature of 50
◦C.

In this case, miscanthus cellulose after alkaline pretreatment was more exposed to
degradation. The CH strain exhibited a cellulolytic activity with less deviation from the
mean relative to the type of substrate used. The activity of this strain was not statistically
significant relative to the hydrolysis temperature, except for the case in which the substrate
was miscanthus cellulose after acid pretreatment.
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The model substrate (filter paper) and wood chips were the least susceptible to
enzymatic degradation under the influence of the cellulolytic complex, by both UV and
CH strains of A. niger.

5. Conclusions

A number of stages were undertaken in this research, as follows: the pretreatment
of various cellulose-containing raw materials was carried out, the cellulolytic activity of
microorganisms was studied, physicochemical undirected mutagenesis of microorgan-
isms was conducted to intensify the enzymatic activity, and the optimal conditions for the
enzymatic hydrolysis of filter paper, secondary cellulose-containing raw materials, sec-
ondary starch-containing raw materials, miscanthus cellulose after alkaline pretreatment,
miscanthus cellulose after acid pretreatment, and wood chip cellulose, were selected. As
a result, the treated strains of Aspergillus niger, with an increased ability to break down
cellulose and starch, were obtained. The analysis of the hydrolysis parameters was carried
out to identify the recommended conditions, as follows: hydromodule 1:20, temperature
37 ◦C. To obtain a higher yield of RA for the cultivation of microorganisms, a Mandels–
Weber salt medium should be used for the further hydrolysis of the cellulose-containing
substrate, and a PA medium for the hydrolysis of starch-containing raw materials. A
quantity of 0.05 M citrate buffer with pH 4.4 is more suitable as a medium for enzymatic
hydrolysis.

Our future research will focus on the intensification of the process of enzymatic
hydrolysate production for subsequent alcoholic fermentation. However, there are nu-
merous potential applications of fermented cellulose. Some studies [45,46] showed that
fermented celluloses are a vivid example of natural sources of innovative technologies
for use in materials science and biotechnology. A variation in the applications exists for
nanocellulose (from mass-produced industrial goods to high-quality medical products).

Research teams are actively working to globally expand the range of nanocellulose
products, and find entirely new areas of application [8,46–48]. It has been established that
microbial cellulose is an extremely versatile biomaterial that can be used in a wide variety
of applied scientific purposes, such as paper products, electronics, acoustics, and biomed-
ical devices. Biomedical devices have recently received a large amount of attention due to
an increased interest in tissue products for wound care, and the regeneration of damaged
or diseased organs. Due to its unique nanostructure and properties, microbial cellulose
is a natural candidate for numerous applications in medicine and tissue engineering.
The microbial cellulose membrane can be successfully used as a wound-healing device
for severely damaged skin, and for replacing small-diameter blood vessels. Microbial
cellulose microfibril nonwoven ribbons strongly resemble the structure of native extracel-
lular matrices, suggesting that they can function as a scaffold for the production of many
tissue-engineered structures. In addition, microbial cellulose membranes with a unique
nanostructure have many other uses in wound healing and regenerative medicine, for
example, in guided tissue regeneration, the treatment of periodontitis, or as a replacement
for the dura mater (the membrane that surrounds brain tissue). Microbial cellulose can
function as a scaffold for the regeneration of a wide variety of tissues, showing that it
could ultimately become an excellent technological platform for medicine.
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Abstract: The cuticular lipid compounds, usually named cuticular waxes, present in the cuticular
layering of Quercus suber adult leaves were extracted with solvents of different polarities (n-hexane,
dichloromethane and acetone) and analysed by GC–MS. Q. suber leaves have a substantial cuticular
wax layer (2.8% of leaf mass and 239 μg/cm2), composed predominantly by terpenes (43–63% of all
compounds), followed by aliphatic long chain molecules, mainly fatty acids, and by smaller amounts
of aliphatic alcohols and n-alkanes. The major identified compound was lupeol (1.2% of leaves in
n-hexane extract). The recovery and composition of cuticular lipids depended on the solvent and
extraction time. The non-polar or weak polar solvents n-hexane and dichloromethane extracted
similar lipid yields (77% and 86% of the total extract, respectively) while acetone solubilised other
cellular compounds, namely sugars, with the lipid compounds representing 43% of the total extract.
For cuticular lipids extraction, solvents with a low polarity such as n-hexane are the more suitable
with an adequate extraction duration, e.g., n-hexane with a minimum extraction of 3 h.

Keywords: cork oak; cuticular wax; solvents; terpenes; lupeol

1. Introduction

The extracellular surfaces of plant leaves are covered by a layer consisting of cutin,
an insoluble polyester glyceride and of a complex mixture of lipids soluble in organic
solvents, commonly called cuticular waxes, which are located within and above the cutin
structural matrix and named, respectively, intracuticular and epicuticular waxes [1,2]. This
hydrophobic interface confers a resistance to a wide range of biotic and abiotic stresses
and is involved in the regulation of non-stomatal water loss and gas exchange [2–4].
The functional barrier against water diffusion through the cuticle is preferentially estab-
lished by intracuticular lipids [5–7] which consist of long-chain aliphatic molecules and
alicyclic waxes, including triterpenoids, while the epicuticular lipids, comprising long-
chain aliphatic molecules (e.g., alkanes, primary alcohols, fatty acids), are important for
interactions between leaf surface and environment [5–7].

The cuticle, as a boundary between the plant and environment, has an enhanced
role under adverse environmental conditions. This is the case for most species growing
in the Mediterranean region under high solar irradiances, air temperatures, and vapor
pressure deficits with a limited water availability, thereby showing a high sclerophyll
character. Under drought stress, plants react namely by an ABA-induced stomatal closure,
the accumulation of cuticular lipids, and the formation of a deep root system which
improves their drought tolerance. Cork oak (Quercus suber L.), an evergreen sclerophyllous
tree species distributed in the western Mediterranean basin, is an example of a species with
great economic importance due to its production of cork, a material with a very interesting
set of properties that feeds a dedicated industrial chain [8].

In leaves of Q. suber sampled in spring and summer, Martins et al. [9] described
a layer of cuticular wax composed mainly of n-alkyl esters (25–45% of the wax extract)
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and alkanols (18–50%) with a significant content variability. A more comprehensive study
by our group on the cork oak leaves of trees from six seed provenance sources observed
that a substantial wax layer (154–235 μg/cm2) covered the leaves, with the majority of
compounds being pentacyclic triterpenoids and long chain aliphatic compounds, and
related the cork oak cuticular characteristics to the species since the trees of different seed
origins did not differ [10]. The triterpene fraction contained a large amount of lupeol,
a compound that has shown beneficial effects on human health [11–15].

Given the important role of the cuticular waxes in establishing the tree adaptation
to adverse environmental conditions, it is of a high interest to clarify the influence of
extraction conditions in their content and compositional determinations. In this study,
we provide a characterization of the lipophilic compounds present in the leaf cuticle of
Q. suber extracted with solvents of different polarities and with different extraction times.
The results presented here will contribute to the knowledge of the lipophilic compounds in
Q. suber cuticular leaves and their extraction specificity, allowing to direct the solubilisation
process to obtain potential highly valuable phytochemicals of diverse industrial interest.

2. Materials and Methods

2.1. Plant Material

Mature leaves were collected from two mature Q. suber L. trees that were never
submitted to cork removal, grown on the campus of the School of Agriculture, in the region
of Lisbon, Portugal. The leaves were collected randomly from different branches on the
south exposed crown side, in the lower part of the canopy up to a height of approximately
2 m, making up a total sample per tree of about 200 leaves. A composite sample was
prepared by combining the leaves of the two trees.

The area of 80 leaves randomly selected from the composite sample was measured by
digitalizing and it was calculated with Leica Qwin vs. 3.0 Image Analysis Software.

2.2. Cuticular Wax Extraction

The influence of the solvent polarity and extraction time on the yields of solubilized
cuticular waxes and on their chemical profile was studied. Conventional Soxhlet extractions
were used for the extraction of the cuticular waxes from the whole and intact cork oak leaves
taken randomly from the leaf composite sample. Three replicates of leaf samples (without
petiole) with a dry mass of around 1.5 g (corresponding to about 10 leaves) were placed in
the Soxhlet apparatus and the lipophilic fractions were extracted using organic solvents
n-hexane (dielectric constant 2.02), dichloromethane (dielectric constant 9.1), and acetone
(dielectric constant 20.7), with different extraction times (5 min, 1, 2, 3, and 6 h with each
solvent). The amount of the soluble compounds removed with each solvent and extraction
time was determined from the mass difference in the extracted leaves after drying at 105
◦C. The results were expressed as a mass percent of the leaf dry mass (g per 100 g leaves)
and on a leaf surface area basis (μg per cm2 leaf area) as the ratio between the extract and
the two-sided leaf surface area, obtained by digitalization.

The lipid fraction in the crude extracts was determined from the mass of lipidic
compounds estimated by GC–MS (alkanes, alkanols, fatty acids, terpenes, and sterols)
and expressed as a percent of the extract mass and as a percent of the leaf dry mass.
The estimated quantification of the compounds in the GC–MS chromatograms was done
by the calculation of each compound peak area and expressed as a percent of the total
chromatogram peak area.

2.3. Cuticular Wax Composition

The extracts were analysed using gas chromatography–mass spectrometry (GC–MS)
after trimethylsilylation according to Simões et al. [10]. The extract was treated with BSTFA
(N,O–bis(trimethylsilyl)trifluoroacetamide) in pyridine (30 min at 70 ◦C) and analysed
in a gas chromatograph coupled to a mass spectrometer (EMIS, Agilent 5973 MSD, Palo
Alto, CA, USA) using a Zebron 7HG-G015-02 column (30 m, 0.25 mm; ID, 0.1 μm film
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thickness) with an electron ionization at 70 eV, and helium as a carrier gas at 1.0 mL min−1

flux. The column temperature was initially held at 50 ◦C for 1 min, raised to 150 ◦C at a rate
of 10 ◦C min−1, then to 300 ◦C at 4 ◦C min−1, to 370 ◦C at 5 ◦C min−1, and at 8 ◦C min−1

until it reached 380 ◦C, and followed by an isothermal 5 min period. The compounds
were identified and quantified as TMS derivatives by comparing their mass spectra with
a GC–MS spectral library (Wiley, NIST) and by comparing their fragmentation profiles
with the published data, reference compounds, ion fragmentation patterns, or retention
times [10]. The results are given as a percent of each compound peak area to the total
chromatogram peak areas. The results are to be considered as only semiquantitative
since no internal standards were added nor were the response factors of the different
compounds calculated.

The proportion of specific chemical classes in the extracts (e.g., lipids, terpenes, aromat-
ics, sugars), expressed as a % of the extract or in mg per g of leaf dry mass, was calculated
using the extract amount per dry leaf mass and the compound area proportion in the total
GC–MS chromatogram.

3. Results and Discussion

In the present work, the effect of the solvent and extraction time on the yield and
composition of the cuticular wax removed from the Q. suber leaves surface was studied
using three solvents with a different polarity index (by increasing polarity: n-hexane,
dichloromethane and acetone) and different extraction times. In the procedure used here,
the solubilisation of the compounds refers to both the adaxial and abaxial leaf surfaces.
With the relatively long extraction time by Soxhlet (from 1 h to 6 h), the cuticular lipids that
are released correspond to a mixture of both the epicuticular and intracuticular lipids [5,16].
Therefore, the resulting extracts reflect the total lipid composition, averaging over the entire
depth of the cuticle, rather than assessing only the surface. The potential exception is the
5 min extraction which may target mostly the epicuticular waxes, as discussed later.

Although some techniques have been applied in other works to study separately the
chemical composition of epicuticular and intracuticular lipids, e.g., by physically stripping
the epicuticular lipids from the leaf surfaces or by using very short dipping times [5,7,17],
this was not the objective of the present work. Therefore, the results presented below on
the cuticular lipids comprise both epicuticular and intracuticular compounds.

A specific observation should be made on the term cuticular waxes used throughout
this work. Although wax is chemically defined as very long-chain esters, the compounds
solubilised from the leaf cuticle by the organic solvents have a complex composition
comprising long chain fatty acids, primary and secondary alcohols, aldehydes, wax esters,
ketones and linear hydrocarbons, that are derived from fatty acid precursors [18]. A more
accurate designation should therefore be “extracellular surface lipids” [19]. However,
most literature dealing with leaf cuticles uses the term cuticular waxes, and this was
maintained here.

3.1. Extraction Yields

Table 1 shows the average extract yields (in g per 1000 g of dry leaves) and leaf surface
coverage (in μg per cm2 leaf surface) obtained with the different solvents and extraction
times. A previous study from our group on the cuticular waxes of cork oak leaves from
different tree provenances showed that a 6 h Soxhlet extraction with dichloromethane
solubilised on average 2.2% of the dry leaf mass, corresponding to a surface coverage of
189 μg/cm2 [10]. The results obtained here with dichloromethane after 6 h (2.8% of leaf
mass and 239 μg/cm2) are similar to those previously reported.

There was a clear difference between the solvents in their extracting ability: the yields
were higher for acetone and hexane (3.6% and 3.4% of the leaf mass, respectively, after 6 h
of extraction) in comparison to dichloromethane. The extraction time also had an effect
on the extract yield (Table 1). Increasing the extraction time resulted in a higher removal,
although the relative extraction power of the three solvents was maintained, i.e., lower
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for dichloromethane. It should be noted that the extraction yields are related to the
solubilization power and selectivity of the solvent to both lipid and non-lipid compounds,
as given namely by their polarity, and discussed in detail in the following sections.

Table 1. Yields of material solubilized from the surface of whole Q. suber leaves by different solvents
and extraction times, in g per 100 g dry leaves, and μg per cm2 of leaf surface.

5 min 1 h 2 h 3 h 6 h

n-Hexane
g/100 g leaves 0.33 ± 0.04 1.92 ± 0.72 1.98 ± 0.25 3.11 ± 0.11 3.39 ± 0.19

μg/cm2 28.13 ± 3.09 165.67 ± 62.33 170.58 ± 21.52 286.02 ± 9.27 287.15 ± 23.18
Dichloromethane

g/100 g leaves 0.51 ± 0.03 1.17 ± 0.09 1.23 ± 0.13 1.79 ± 0.33 2.77 ± 0.17
μg/cm2 43.83 ± 2.88 101.36 ± 7.66 108.30 ± 11.17 154.10 ± 28.52 239.00 ± 14.25
Acetone

g/100 g leaves 0.35 ± 0.07 1.27 ± 0.25 2.70 ± 0.15 3.16 ± 0.02 3.57 ± 0.49
μg/cm2 30.29 ± 5.84 109.42 ± 21.81 232.86 ± 12.81 272.24 ± 2.12 308.33 ± 42.32

The short 5 min extraction time led to a very partial removal of the soluble compounds,
e.g., hexane, dichloromethane, and acetone solubilised only, respectively, 10%, 18%, and
10% of the extracts obtained with a 6 h extraction.

These results point out that a full, or at least a major, solubilisation of the leaf cuticular
compounds is only possible if sufficient extraction time is given. Therefore, protocols that
use a short or very short contact between the solvent and the leaf surface will only solubilise
a small fraction of the cuticular lipids, namely only the epicuticular waxes, as previously
discussed [10]. This is the reason for the difference in the extraction yield found between
the present results and a previous study on young cork oak leaves using a quick dipping
and shaking in the chloroform [9].

3.2. Effect of Solvent on Lipid Extraction

The extraction yield, i.e., the compounds solubilized by the solvent in relation to the
leaf mass, is a quantitative but undifferentiating indicator of the molecules removed from
the surface of the leaves, meaning that other non-lipid compounds may be solubilized, and
more so with solvents with an increased polarity. Previous reports on the composition of
the solubilized compounds from Q. suber leaves using dichloromethane showed that 80%
of the extract was of a lipid nature, with about 2% corresponding to aromatics and a small
proportion of sugars, as calculated from the corresponding peak areas in relation to the
total chromatogram peak area [10].

The composition of the extracts is therefore an important aspect when analysing the
solvent efficiency to solubilize the cuticular lipids. Considering the total amount of lipidic
compounds present in the cuticular extracts, as determined from their GC–MS analysis
(which will be reported in detail in the next section), by grouping alkanes, alkanols, fatty
acids and glycerides, terpenes, and sterols, a new insight is obtained on the solvent role
to attain higher lipid yields. Figure 1 represents the lipid yields obtained with the three
solvents and five extraction times. The proportion of the lipid extractives was consistent
with the order of the polarity of the solvent.

The 6 h acetone extraction shows the lowest proportion of extracted lipid compounds
as estimated by their peak area proportion in the total chromatogram (15.3 mg/g of dry
leaves, corresponding to 43% of the total extract), while the non-polar or weak polar
solvents n-hexane and dichloromethane extracted a similar lipid proportion estimated
as 26.1 and 24.1 mg/g of dry leaves, corresponding to 77% and 86% of the total extract,
respectively (Figure 1). The lipid proportion in the extracts increased with the extraction
time, e.g., from 1.7% to 2.6% with n-hexane, and from 0.5% to 1.5% with acetone for 1 h
and 6 h extractions, respectively.
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Figure 1. Lipidic fraction obtained from extraction of Q. suber leaves with solvents with different
polarity indices with different extraction times.

For solubilisation of the cuticular lipids from Q. suber leaves (Figure 1), n-hexane was the
most effective solvent in providing the highest recovery, which was attained with a 3 h extrac-
tion in the experimental conditions used. Dichloromethane, as used in the previous Q. suber
cuticular studies, also provided a similar lipid recovery with a 6 h extraction [10].

3.3. Compositional Analysis of Extracts by Chemical Family

The composition by the chemical family of the cuticular waxes of cork oak leaves
solubilised by different solvents with different extraction times, as a percentage of the total
peak area in the GC–MS chromatograms, are presented in Table 2, and detailed for the three
solvents in Tables 3–5. The results are a semiquantitative approximation of compound
proportion since no internal standards were added or response factors were calculated.

The composition of n-hexane and dichloromethane extracts is quite similar. With the
exception of the 5 min extracts, that will be discussed subsequently, the extracts are mainly
made up of terpenes (43–63% of all compounds), followed by aliphatic long chain molecules,
mainly fatty acids (11–26% of all compounds), and by smaller amounts of aliphatic alcohols,
n-alkanes, and with some phenolics. This is in accordance with the reported composition
of the cuticular wax from Q. suber leaves where triterpenes and aliphatic compounds
predominate (61–72% and 17–23% of the total compounds, respectively) [10]. For the short
extraction time of 5 min, the compounds solubilised were aliphatic alcohols that represented
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98% and 96% of all compounds, respectively, in the n-hexane and dichloromethane extracts.
This suggests that the more easily accessible external layer of the cuticle predominantly
contains alkanols [20].

Table 2. Composition of the cuticular extracts of leaves from Q. suber solubilised by different solvents
and extraction times by chemical class as a percentage of total peak area in the GC–MS chromatograms.

Proportion of Total Compounds, %

n-Hexane Dichloromethane Acetone

Family 5 min 1 h 2 h 3 h 6 h 5 min 1 h 2 h 3 h 6 h 5 min 1 h 2 h 3 h 6 h

Alkanes 0.3 6.9 3.5 6.9 6.6 0.4 3.4 3.1 2.2 3.6 - 0.5 1.8 0.4 0.2
Alkanols 98.4 5.5 4.0 3.7 7.0 95.5 5.1 7.3 5.5 7.3 2.1 3.8 3.7 4.2 2.0

Fatty acids 0.2 11.8 11.0 16.3 16.1 0.9 12.6 25.0 25.3 20.0 39.6 5.4 11.6 11.7 9.0
Glycerides - 0.1 0.2 0.5 0.3 - 1.0 2.5 0.9 0.2 - 1.1 1.9 1.8 1.2

Sterols - 0.01 3.2 4.2 2.7 - 2.0 3.0 2.7 3.4 - 1.1 1.5 1.6 1.2
Terpenes 0.1 59.7 63.4 52.0 44.6 2.0 59.9 42.7 48.4 44.8 - 19.5 20.3 20.5 22.2

Aromatics - 1.7 4.5 5.6 4.1 - 4.7 5.6 5.7 4.5 13.5 2.9 3.2 2.6 2.7
Sugars - 0.0 0.0 0.0 0.0 - 0.1 0.5 1.4 0.6 39.7 56.8 50.0 41.3 46.8
Others - 1.6 0.9 0.6 0.3 - 1.1 0.5 1.4 1.4 5.0 6.2 1.7 9.9 8.4

Total Identified 99.0 87.3 90.7 89.8 81.7 99.5 90.0 90.7 93.7 85.5 99.8 93.4 92.0 89.7 91.6

Table 3. Composition of the cuticular waxes of cork oak leaves solubilised by n-hexane with different
extraction times, as determined by GC–MS, in % of total peak area (only compounds with over 1%
are shown; complete composition in Supplementary Table S1).

Extraction Time

Wax Constituent (% Total Peak Area) 5 min 1 h 2 h 3 h 6 h

Alkanes
Heptacosane (C27) - - - 1.12 1.02
Triacontane (C30) - 5.10 2.47 4.89 4.66

Alkanols
Hexadecan-1-ol (C16OH) - 1.15 - - -

Docosan-1-ol (C22OH) 1.24 - - - -
Tretracosan-1-ol (C24OH) 96.64 2.91 3.11 3.05 4.34

Fatty acids
Saturated

Hexadecanoic acid (C16:0) - 7.57 5.35 5.57 5.32
Hexacosanoic acid (C26:0) - - - 1.00 1.05
Octacosanoic acid (C28:0) - - - 2.61 3.39
Triacontanoic acid (C30:0) - - - 1.08 1.37

Unsaturated
9,12-Octadecadienoic acid (C18:2) - - - 1.12 0.81

9,12,15-Octadecatrienoic acid (C18:3) - - 2.28 3.43 2.11

Sterols
β-Systosterol - - 2.82 3.50 2.50

Terpenes
pentacyclic triterpenes

β-Amyrin - 3.02 2.83 3.11 2.47
Germanicol - 11.19 17.31 7.49 6.00

Lupeol - 43.93 40.43 37.76 33.04
Betulin - - - 1.12 0.97

Aromatics
Hexadecyl-(E)-p-coumarate - - 4.21 5.32 3.66
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Table 4. Composition of the cuticular waxes of cork oak leaves solubilised in dichloromethane with
different extraction times, as determined by GC–MS in % of total peak area (only compounds with
over 1% are shown; complete composition in Supplementary Table S2).

Extraction Time

Wax Constituent (% Total Peak Area) 5 min 1 h 2 h 3 h 6 h

Alkanes
Nonacosane (C29) - 2.53 2.18 1.47 2.56

Alkanols
Hexadecan-1-ol (C16OH) 0.90 - - - -

Docosan-1-ol (C22OH) 2.38 0.77 1.12 1.10 1.85
Tretracosan-1-ol (C24OH) 92.12 3.47 4.59 3.31 4.62

Fatty acids
Saturated

Hexadecanoic acid (C16:0) - 7.60 9.84 9.71 9.68
Octacosanoic acid (C28:0) - 1.60 2.31 1.14 2.49

Unsaturated
9,12-Octadecadienoic acid (C18:2) - 0.14 1.73 2.38 0.75

9,12,15-Octadecatrienoic acid (C18:3) - 0.39 6.43 8.04 2.69

Glycerides
Glycerol - 0.95 2.14 0.51 -

Sterols
β-Systosterol - 1.59 2.55 2.33 3.24

Terpenes
Pentacyclic triterpenes

β-Amyrin - 2.75 2.29 2.56 2.11
Germanicol - 9.15 5.46 6.46 4.77

Lupeol 1.61 45.44 31.56 35.28 35.37

Aromatics
Hexadecyl-(E)-p-coumarate - 4.27 5.31 5.19 4.09

Sugars
Fructofuranose - 0.09 0.54 1.43 0.18

Table 5. Composition of the cuticular waxes of cork oak leaves solubilised in acetone with different
extraction times, as determined by GC–MS, in % of total peak area (only compounds with over 1%
are shown; complete composition in Supplementary Table S3).

Extraction Time

Wax Constituent (% Total Peak Area) 5 min 1 h 2 h 3 h 6 h

Alkanols
1,4-Butanediol 1.85 - - - -

Tretracosan-1-ol (C24OH) - 3.22 3.21 2.74 1.28

Fatty acids
Saturated

Hexadecanoic acid (C16:0) - 2.51 5.54 5.92 4.35
Unsaturated

9,12-Octadecadienoic acid (C18:2) - 0.03 0.66 1.23 0.48
9,12,15-Octadecatrienoic acid (C18:3) - 0.07 0.61 0.07 1.26

Diacids
Butanedioic acid (C4:0) - 0.95 0.99 2.45 1.69

Glycerides
Glycerol - 1.04 1.72 1.36 0.95

Sterols
β-Systosterol - 0.32 0.99 1.43 1.15
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Table 5. Cont.

Extraction Time

Wax Constituent (% Total Peak Area) 5 min 1 h 2 h 3 h 6 h

Terpenes
pentacyclic triterpenes

β-Amyrin - 0.72 - 1.18 1.19
Germanicol - 2.89 2.05 2.71 2.86

Lupeol - 14.53 16.25 14.71 16.15

Aromatics
Catechine 13.18 - - - -

Hexadecyl-(E)-p-coumarate 1.67 1.62 2.35 2.42

Sugars
Myo Inositol 19.98 - 15.34 - −0.11

Scyllo Inositol - 15.44 14.27 12.39 14.88
Deoxinositol - 6.28 1.81 5.24 6.3
D-Fructose - 15.47 11.27 10.68 8.61

(α/β) D-Glucopyranose (isomer) - 17.11 6.28 11.18 15.01
Sucrose 18.62 0.48 0.21 0.47 0.4

Others compounds
Quininic acid 38.18 4.6 0.94 7.2 7.15

Shikimic acid, 4TMS derivative 5.03 - - - -

The compositional profile of the acetone extract clearly differs, with sugars being the
main chemical class (57–47% of all compounds), followed by triterpenes (19–23%), and fatty
acids (5–12%) with lower proportions of the other chemical families. The presence of other
non-lipid compounds, mainly of sugars, indicates that, in contrast to the other solvents used,
acetone penetrates into the leaf interior and solubilises the more polar sugar molecules.
The degradation of the cellular membranes by solvents such as chloroform and acetone
have been reported, leading to the solubilisation of cellular compounds not related to the
cuticular matrix, for instance of indole alkaloids [21], and chlorophyll and cytoplasmic
sterols. The effect of acetone on the leaf cells was noticed already for the short 5 min
extraction with the solubilisation of fatty acids, sugars, and aromatics. This is in agreement
with reports of an instant destruction of cell integrity when using chloroform [21].

The recovery (in g/100 g leaves) of the extracted cuticular lipids by the chemical
family under the different conditions is shown in Figure 2. The difference in the acetone
extract in comparison with the hexane and dichloromethane extracts is clear with the major
extract fraction being sugars representing 1.67 g/100 g leaves (6 h extraction). Hexane and
dichloromethane permit the recovery of cuticular terpenes (1.51 and 1.24 g/100 g leaves,
respectively) and fatty acids (0.55 and 0.55 g/100 g leaves, respectively).

The extraction time had only a moderate impact on the recovery of the extracellular
cuticular lipids with the differences given more by the extraction yield (Table 1) than by
the compositional profile, which remains independent of the extraction time (Table 2). For
instance, the recovery of terpenes with n-hexane increased from 11.5 mg/g of leaves with
1 h to 15.1 mg/g of leaves with 6 h of contact, while the extraction with dichloromethane
was the one most impacted by duration, e.g., terpenes recovery increased from 7.0 mg/g of
leaves with 1 h to 12.4 mg/g of leaf with 6 h of contact (Figure 2).

These results should be taken with caution and restricted to the experimental proce-
dure used here (Soxhlet extraction). Martins et al. [9] studied the extraction of extracellular
surface lipids in the leaves of young Q. suber by immersion for a few seconds in chloroform,
thus extracting only the epicuticular layer, and this explains the compositional differences
in relation to our results, for example, the extract contained only small amounts of triter-
penoids. Loneman et al. [19] applied a quick surface extraction method by dipping maize
seedling leaves with chloroform and hexane:diethyl ether for 1 to 10 min, and observed
that the recovery and composition depended on the solvent and duration of the extraction.
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Figure 2. Composition (g/100 g leaves) by chemical family of the cuticular lipids extracted from
Q. suber leaves with different solvents and extraction time.

3.4. Chemical Composition of Extracts

The composition of n-hexane, dichloromethane, and acetone extracts is summarised in
Tables 3–5 that include only the compounds with at least 1.0% of the chromatogram peak area.
The complete compositional profile and the GC–MS chromatogram of the derivatised extracts
at 5 min and 3 h is given as the supplementary data (Supplementary Tables S1–S3, respectively,
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for n-hexane, dichloromethane, and acetone extracts) and Supplementary Figures S1–S3, re-
spectively, for n-hexane, dichloromethane, and acetone extracts at 5 min and 3 h, respectively,
exemplify the quality of the chromatograms that were obtained for all the cases.

In the terpenic family, the triterpenoid lupeol was among the most prominent individual
compound, followed by germanicol and α- and β-amyrin, e.g., lupeol with 33–43% of all
compounds (about 75% of the terpenic fraction) and germanicol with 6–17% of all compounds
(about 15% of terpenic fraction). Smaller amounts of other triterpenoids such as betulin,
betulinic, oleanolic, and ursonic acids were also identified (Supplementary Tables S1–S3). All
of the identified triterpenes were previously reported as cuticular wax components of Q. suber
leaves [10].

Triterpenoids are one of the largest and structurally diverse classes of natural specialized
metabolites with various ecological and biological properties, with a broad spectrum of
relevant clinical activities, such as antihypertensive, antidiabetic, anti-inflammatory, anticancer,
and antimicrobial properties leaves [11–15]. The high proportion of lupeol in the cuticular
extracts may lead to considering Q. suber leaves as a source of this compound, e.g., a lupeol
recovery of 1.18 g/100 g of leaves may be obtained with a 3 h n-hexane extraction.

Four sterols were identified in the extracts (β-systosterol, δ-tocopherol; stigmasterol
and 25-hydroxycholesterol, Supplementary Tables S1–S3) with β-systosterol showing the
highest abundance with 2.5–3.5% of all compounds.

The hydrocarbon fraction includes fatty acids, n-alkanols, and n-alkanes. With 6 h of
contact, fatty acids are mostly saturated fatty acids, accounting to 79% and 59% of the total
fatty acids in the n-hexane and dichloromethane extracts, and 59% of the total fatty acids
content in the acetone extract. Fatty acids were identified in the homologous series from
heptanoic acid (C7:0) to triacontanoic acid (C30:0), with a strong even-over-odd carbon
atom predominance. Hexadecanoic acid (palmitic acid, C16:0) was the most abundant
saturated fatty acid in the three extracts (5.3% of all compounds in n-hexane extract, 9.7%
in dichloromethane extract, and 4.4% in acetone extract). Smaller amounts of octacosanoic
acid (C28:0), hexacosanoic acid (C26:0), and triacontanoic acid (C30:0) were also found.
Three unsaturated acids were identified in the extracts: 9,12,15-octadecatrienoic (linoleic
acid), 9,12-octadecadienoic (linolenic acid), and 9-cis-hexadecenoic (palmitoleic acid) acids.

Fatty alcohols represented only a small fraction of the total amount of lipophilic
extractives. A series of n-fatty alcohols ranging from C4 to C28 were present in cork
oak wax leaves extracts, with tetracosanol (C24OH) as the most abundant (4.3% of all
compounds in the n-hexane wax extract, 4.6% in the dichloromethane extract, and 1.4% in
the acetone wax extract)

A series of n-alkanes ranging from nonadecane (C19) to hentriacontane (C31) occurred
in the extracts, with a strong odd-over-even carbon atom number predominance. Nona-
cosane (C29) was the most abundant in the dichloromethane extract (72% of alkanes) and
triacontane (C30 in the n-hexane extract (74% of alkanes)).

The composition of the identified aliphatic compounds is similar to that obtained for
the cuticular wax of Q. suber leaves from different sources extracted with dichloromethane
with 6 h of contact, that included fatty acids with a chain length C30, C28, and C16,
n-alkanes with chain lengths ranging between C15 and C31 [10].

Low amounts of acylglycerols including mono-glycerides such as monopalmitin,
2-monostearin, 1-linolenoylglycerol, and 3-hydroxypropyl hexadecanoate were identi-
fied in all the extracts, together representing 0.45%, 0.57%, and 0.19% of the n-hexane,
dichloromethane, and acetone extracts, respectively.

Aromatic compounds were also detected in all the extracts such as benzoic acid and
p-coumarates. P-coumarates were the dominant aromatic compound corresponding to
5.3%, 4.1%, and 2.4% of the n-hexane, dichloromethane, and acetone extracts, respectively.

High amounts of sugars were found in the acetone extracts (56% of all compounds) includ-
ing fructose, glucose, sucrose, the free cyclitols myo-inositol, scyllo-inositol, and deoxinositol.
Scyllo-inositol has been considered as a potential therapeutic agent for Aβ amyloid disorders
such as Alzheimer’s disease, Down’s syndrome, and cerebrovascular dementia [22,23].

84



Processes 2022, 10, 2270

4. Conclusions

This study confirmed that the extent and selectivity of the solubilisation of non-
polar and amphipathic molecules that are part of the cuticular layering of plant leaves,
as exemplified for the case of Q. suber adult leaves, depends on the solvent and on the
extraction duration. Less polar solvents such as n-hexane or dichloromethane solubilize
the lipid components and a small number of aromatics, while more polar solvents, such
as acetone, remove a large proportion of sugars arising from the solubilisation of cellular
material. For the purpose of cuticular lipids extraction, solvents with a low polarity,
such as n-hexane, are the more suitable and an adequate extraction duration should be
considered for an extensive removal, including both the epicuticular and intracuticular
lipids. In the present case, n-hexane with a minimum 3 h extraction is proposed. Although
not specifically studied here, the procedural method for the extraction should also play
a role in the extent of solubilization. The cuticular lipid compounds, usually named
cuticular waxes, include as major components terpenes and a large fraction of long-chain
fatty acids and other long-chain aliphatics, with a low proportion of sterols, aromatics, and
other compounds. It is therefore probable that the terpenes will establish the transpiration
barrier in association with the long chain aliphatic compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10112270/s1, Table S1: Composition of the cuticular waxes of
cork oak leaves solubilised in n-hexane with different extraction times as determined by GC–MS, in
% of total peak área; Table S2: Composition of the cuticular waxes of cork oak leaves solubilised in
dichloromethane with different extraction times as determined by GC–MS, in % of total peak area;
Table S3: Composition of the cuticular waxes of cork oak leaves solubilised in acetone with different
extraction times as determined by GC–MS, in % of total peak area. Figure S1: GC–MS chromatogram
of the derivatised n-hexane extract from the cuticular waxes of cork oak leaves. Figure S2: GC–MS
chromatogram of the derivatised dichloromethane extract from the cuticular waxes of cork oak leaves;
Figure S3: GC–MS chromatogram of the derivatised acetone extract from the cuticular waxes of cork
oak leaves
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Abstract: The combustion of solid biomass in industrial boilers involves a sequence of processes
that include heating, drying, devolatilization, and char conversion. To maintain a repeatable and
fully controlled environment, and to monitor all the dynamics involved in the phenomena at a real
scale, field-scale experiments become necessary to perform investigations. In this way, to evaluate
different thermochemical conversion conditions of biomass particles under an oxidative atmosphere,
and to quantify the emission of the main gas compounds continuously, a small-scale reactor was
developed and presented in this paper. Hence, in this work, larger particles of eucalyptus are burned
at 400 and 800 ◦C under different stoichiometric conditions to understand the differences between
different biomass conversion regimes (gasification and combustion). The analysis of the mass loss
at the different temperatures was characterized by only two different and consecutive stages for
both thermochemical conditions. The first region does not present the influence on the air flow rate;
however, there is a significant difference in the second region. This fact highlighted the importance
of the diffusion of oxygen during the char conversion. Regarding the quantification of the gas
compounds, an increase of around 3 times in the CO and CO2 emissions when gasification occurs was
observed at 400 ◦C. However, at 800 ◦C, the same trend was verified, also verifying a considerable
amount of CH4.

Keywords: biomass; combustion; gas emissions; macro thermogravimetric analysis; pyrolysis; woodchips

1. Introduction

Solid biomass fuels, unlike fossil fuels such as coal, do not take millions of years to
develop and, every year, a vast amount of biomass grows through the photosynthesis
process by absorbing CO2 from the atmosphere. Solid biomass is thus considered a renew-
able energy source and an interesting route to diversify energy production and reduce the
dependence on fossil fuels [1]. Eucalyptus is the most representative solid biomass species
in Portugal [2]. It was reported in 2015 that this species occupied 882,000 ha of the total
forest area. It is still growing and is a major resource for paper production as well as fuel
for heat production (both in households and in industry) [3]. Although the major source
of solid biomass comes from the trunk, the literature emphasizes other streams of solid
biomass with high potential. As an example, Roman et al. [4] have studied the potential of
forest waste biomass for briquette production. Such works are a major contribution to the
area as they present alternatives for the current solid biomass streams.

Regarding the main technological pathways for the production of heat and power,
or combined heat and power, through the utilization of solid biomass, combustion and
gasification are the main options [5]. Combustion represents one of the oldest technologies
of biomass thermochemical conversion and utilization. The combustion process is an
exothermic reaction between oxygen and biomass-volatile compounds that produce heat.
The heat released is the main source of energy used in this process [6]. In a typical biomass
combustion process, three main stages can be observed: drying, devolatilization, and char
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burning. The drying stage is associated with the water evaporation present in the biomass.
During the devolatilization stage, volatile compounds are released and burned with the
oxygen present in the atmosphere. For the char combustion stage, the remaining carbon
reacts with the oxygen, leaving ashes at the end of the combustion [7,8]. In the operation
of biomass boilers, the design of the air supply system, including primary and secondary
air, plays an important role in the combustion efficiency of biomass [9,10]. Yin et al. [11]
reported that for grate-firing, one of the main technologies in biomass combustion, the
overall excess air is usually set to 25% or above.

In its turn, gasification consists of burning biomass with insufficient oxygen under
sub-stoichiometric conditions to produce combustible gases, which are collectively referred
to as syngas. This is an attractive method of efficient energy extraction, mainly because a
considerable amount of CO and CH4 are obtained in comparison with combustion. Hence,
in solid biomass gasification, an air-to-fuel ratio around 1.5:1 to1.8:1 is necessary, while a
combustion ratio is around 3.8:1 [12].

Since, in both technologies, the main stages of biomass thermochemical conversion
remain the same, the study and comprehension of the gas-release evolution in a practical
way can provide knowledge to develop computer models or to design equipment, such
as furnaces, stoves, boilers, and gasifiers [13]. Among the three stages, devolatilization is
considered one of the most important for heat and power generation. Hence, it is related
to the oxidation, under different stoichiometric conditions depending on the conversion
technology, of the volatile compounds and has a significant impact on the exothermic
reaction. For that reason, it is also important to study and understand the composition of
the gas released during the devolatilization stage. Usually, complete combustion yields only
CO2 and H2O as reaction products. However, other compounds can be formed, such as
CH4, CO, and H2, increasing pollutant emissions and contaminating the environment [14].

To study the thermochemical conversion behavior of solid biomass, TGA (Thermo
Gravimetric Analysis), a well-known thermal analysis technique and one of the most
used, is applied [15,16]. Several authors have applied TGA to characterize the conversion
of samples with a reduced size and mass in a kinetic way. However, TGA experiments
are limited to assess the gas phase, and the lack of information in the literature relative
to the gas emissions in this type of work persists [17–20]. Nevertheless, the gaseous
release process analysis can be evaluated using the same technique but on a larger scale,
commonly known as macro TGA [21]. In this way, the experiments are closer to the real
thermochemical conversion processes, either in industrial or domestic equipment. Hence,
macro TGA experiments take into account heat and mass transfer effects.

Regarding the literature concerning macro TGA experiments, Becidan et al. [22]
presented the application of chromatography and spectrophotometry to study the gases
released during the combustion of biomass residues. A fraction of the exhaust gases is
collected and analyzed by a Fourier-Transform Infrared Spectroscopy (FTIR) analyzer and
a micro-gas chromatograph. The FTIR was used to quantify CO2, CO, CH4, C2H2, and
C2H4. The gas samples were also quantified online using a micro-gas chromatograph
equipped with two thermal conductivity detectors and a double injector connected to two
columns to separate and quantify CO2, hydrocarbons (CH4, C2H2, C2H4, and C2H6), and
the remaining gases (H2, O2, CH4, CO, and N2) in another column. Brunner et al. [23]
and Gauthier et al. [24] also applied both techniques to analyze the NOx emissions, ash
release, and the main gaseous species and tar, respectively. Additionally, Weissinger
et al. [25] described the release of nitrogen compounds using FTIR spectroscopy. Both
works refer to the importance of the determination of nitrogen gaseous compounds that
may serve as input profiles for Computational Fluid Dynamics (CFD) simulations. Bennadji
et al. [26] and Nikku et al. [27] measured the fractions of light species from pyrolysis at low
temperatures and compared the reactivity of municipal solid wastes with biomass and coal
samples through the FTIR technique, respectively. Hu et al. [28] analyzed the influence of
different atmospheres in the gaseous conversion using the mass spectrometer.
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Although the quantification of the gaseous compounds released during the thermal
conversion of biomass is not addressed, there are works in the literature where the conver-
sion of biomass was analyzed separately through the macro TGA technique. Baumgarten
et al. [29] and Samuelson et al. [30] analyzed the combustion behavior under typical isother-
mal conditions in the start-up of furnaces. Orang et al. [31] observed the effect of moisture
content on combustion behavior. The author highlighted the higher drying and the ignition
times due to the increase of the moisture content.

Thus, macro TGA experiments provide the possibility to control and maintain exter-
nal heat fluxes in order to better represent, at a small-scale, the conditions expected in
industrial boilers.

Gauthier et al. [24] used a purpose-built horizontal lamp tube reactor to perform
pyrolysis of centimeter-scale wood particles, for temperatures ranging between 450 and
1050 ◦C. Yang et al. [32] studied the effect of the particle size (pinewood cubes ranging
from 5 to 35 mm) on pinewood combustion in a batch reactor by measuring the mass
loss rate and the temperature profile at different bed locations and gas composition in the
out-of-bed flue gases. Ryu et al. [33] studied the combustion of four biomass materials
with different fuel properties under fuel-rich conditions, measuring temperature, mass
loss, and gas composition. Mahmoudi et al. [34] focused on developing a numerical model
using the Euler-Lagrange model in which the fluid phase is a continuous phase and each
particle is tracked with the Lagrangian approach to understand the combustion phase. This
work was performed along with an experimental study, with temperature and mass loss
monitoring, to validate the numerical model. Wurzenberger et al. [35] created a combined
transient single particle and fuel-bed model of a furnace in order to optimize its efficiency
and emissions by acquiring information about all the physical and chemical effects on
the process. Markovic et al. [36] studied the combustion of wood waste with pre-heated
primary air up to 350 ◦C and the secondary air distributed via nozzles above the waste
layer. The authors measured temperature, gas composition, mass loss, and the influence
of primary air speed, fuel moisture, and inert content on the combustion characteristics.
Eric et al. [37] focused the study on the kinetics of loose biomass in a vertical tube reactor
measuring the fuel mass loss rate, with two biomass combustion models (piston and batch
model). Most of the testing conditions resemble the traditional (micro) TGA operation
where the sample follows a pre-defined heating curve. Usually, this leads to heating rates
well below those expected inside a furnace. Long et al. [38] reported an alternative approach
in which the sample was introduced into a reactor set at a predefined temperature. The
authors only reported mass loss rates. Lelis et al. [39] measured the mass loss and variation
of the elemental composition of pine wood pellets. The authors used a macro TGA to
investigate the influence of temperature and time on devolatilization of C, H, and N. The
experiments were carried out at a constant temperature, and it was found that the rate
of release of N is higher than other compounds. However, no information on the actual
species formed was provided.

This work presents an experimental facility developed to study how biomass fuels may
behave in industrial power plants. Thus, the mass loss profiles at different thermo-chemical
conditions of eucalyptus woodchips are presented together with the composition of the
gases released over time. Furthermore, it is important to point out that the motivation
for this work is related to the need to understand the composition of the gas compounds
released during the conversion of solid biomass particles. It is necessary to know the
composition, the amount of pyrolysis products in different reactor thermal conditions,
and the reaction rate of the particles. A recent investigation mentioned that numerical
prediction inside a grate-fired boiler depends on the devolatilization kinetics mechanism,
which can significantly affect the outputs from the bed model [40]. Most of the CFD models
usually employed biomass elemental composition and enthalpy conservation equations or
models, like that proposed by Thunman et al. [41] and Neves et al. [42], to determine the
composition of pyrolysis products (e.g., [43]). However, the results of this type of approach
can produce unrealistic results. Therefore, there is a clear need to develop macro TGA

89



Processes 2022, 10, 2413

experiments to obtain experimental information that may be used to develop mathematical
models to describe the devolatilization of biomass. These models can be used as an input
to CFD models for grate-type combustors.

2. Materials and Methods

2.1. Samples

The woodchips necessary for the macro TGA experiments were prepared from large
eucalyptus trunks by means of a knife chipper. Hence, larger particles were obtained,
with dimensions similar to the ones used in biomass power plants, ranging from a few
millimeters up to hundreds of millimeters. The particles were then spread in a room to
be air-dried and to reduce the moisture content. After this, the particles were then sieved,
and the particle size distribution was assessed by horizontal screening according to the
standard EN 15149-1:2010 Part 2 using sieves with square hole apertures of 3.15, 8, 16, and
50 mm. The most representative particle class size was between 8 to 16 mm, which is in
agreement with the analysis carried out on a biomass power plant [44]. In this way, the
particles within this class size were collected and used for the experimental program. At
that time, and after being air-dried for approximately one month, the moisture content
of the particles was observed to be between 10 to 15% (dry basis). The elemental and
proximate composition of the particles was also evaluated considering the standards for
solid fuel characterization (CEN/TS 15414:2006 and CEN/TS 15104:2005, respectively),
and the results are presented in Table 1.

Table 1. Composition of the eucalyptus woodchips.

Proximate Analysis (wt.%, Dry Basis) Ultimate Analysis (wt.%, Dry Ash Free)

Volatile matter 88.90 Carbon 48.68
Ash 1.00 Hydrogen 6.91

Fixed carbon 10.10 Nitrogen 0.23
Oxygen 44.18

2.2. Experimental Apparatus and Procedure

A lab-scale reactor to represent the different thermochemical conversion conditions of
solid biomass particles was designed. During the design stage, some important constraints
were addressed. The first issue was related to the possible amount of biomass in each
experiment and the ease of access to the interior of the reactor in order to introduce the
sample. This was particularly important in order to consider secondary reactions in the fuel
bed appropriately and also to consider high heating rates of the fuel comparable to real-scale
grate-fired boilers. Secondly, high flexibility regarding analytical equipment connected
with the reactor, and easy handling during the experiment without any interference with
the sample, was also important. Moreover, online recording of relevant operation data
was paramount.

Hence, the reactor can replicate the behavior of a fuel sample used in different com-
bustion or gasification devices and, thereby, evolve through the different reaction stages
(drying, devolatilization, and char combustion). The reactor had a cylindrical shape,
200 mm in diameter and 350 mm in height. In the surrounding walls, there was a 2 kW
electrical heater and refractory material to avoid heat losses. At the upper part of the
reactor, there was a rotating lid with a rip of 10 mm to allow the connection of a small
basket with the biomass particles to a digital scale. Furthermore, two type K thermocouples
were connected to a digital temperature controller, Eurotherm brand, that controlled its
operation. The desired temperature in the equipment can be defined in the set-point tem-
perature, but there is no possibility to monitor and acquire their variation over time. There
are other external devices necessary to develop the experiment. An external flowmeter and
scale were used to control the gas flow rate supplied to the reactor and to measure the mass
loss variation of the sample, respectively.
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The weight measurement of the sample was carried out by using a perforated cylin-
drical basket of 60 mm in diameter and 50 mm in height inside the reactor, suspended
from the digital scale by a stainless-steel wire of 2 mm in diameter. Consequently, as there
were three different devices, a data acquisition and monitoring program was developed
using LabVIEW software to centralize the information of the different parameters and to be
able to record the data throughout the experiments. Consequently, the LabVIEW program
continuously recorded the weight, air flow rate, and temperature. In addition to these
devices, a portable gas analyzer, Rapidox 5100 model, was used to measure the main gas
compounds (CO2, CO, H2, and CH4) released during the experiment. All the gases have
a ±1% full scale accuracy and a 0.1% resolution. The collection and analysis of the gas
samples were only possible through the utilization of a vacuum pump and a particle and
moisture filter.

Thus, the mass loss and the gas emissions during each experiment are measured
over time. Figure 1 presents a schematic diagram of the apparatus involved in the macro
TGA experiments.

20.000 g

PV: 250 ºC
SP: 500 ºC

Compressed 
Air

Flowmeter

Digital Scale

Temperature
Controller

0.1 L/min

Data 
Acquisition

Thermocouple

Gas Analyzer
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Moisture Filter
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Pump

S
K
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L/min

0
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Figure 1. Experimental apparatus.

Regarding the experimental procedure, the small-scale reactor was turned on and
preheated to the desired temperature before each experiment. The temperatures considered
in this work were 400 and 800 ◦C in order to present a comprehensive view of biomass
conversion over a wide temperature range. Inside the reactor, the walls radiated heat to the
surface of the basket, which was in the middle of the reactor. The perforated basket allowed
for an air flow to enter and react with the woodchip particles. After reaching a constant
temperature in the reactor, the basket was removed, the sample with approximately 20 g
was quickly loaded, and the basket was then introduced back into the reactor.

During each experiment, the air flow was controlled at different air flow rates in order
to reproduce gasification and combustion regimes at any desired temperature. The air
flow necessary for each conversion regime was determined by using Equations (1) and (2),
which represent a stoichiometric combustion reaction and the air-to-fuel ratio (λ).

CxHyOz + a(O2 + 3.76 N2) → b CO2 + cH2O + d N2 (1)
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λ =

mair,real

m f uel
a · Mair

x · C + y · H + z · O

(2)

Hence, taking into account the elemental composition of the eucalyptus woodchips
presented in Table 1 and the reference value of the air-to-fuel ratio for gasification (0.1 to
0.3) and combustion (1.4), the air flow rate used for gasification experiments was 0.1 L/min,
15.5 for combustion experiments, and 50 L/min for experiments using 400 and 800 ◦C,
respectively. The different air flow rates used for experiments at the highest temperature
were necessary because the reaction is considerably faster than at 400 ◦C. The experiments
were run in duplicate for 15 and 10 min for experiments at 400 and 800 ◦C, respectively.
The average values were computed and are reported in the following section. The standard
deviation during all experiments was not higher than 0.09%.

3. Results and Discussion

3.1. Thermochemical Conversion: Mass Loss

The mass loss of the samples of eucalyptus woodchips for gasification and combustion
regime is presented in Figure 2. Two distinct zones can be identified, each one with a nearly
linear variation with time.

 

 

(a) 

 

 

(b) 

Figure 2. Mass loss curves considering the gasification and combustion regime at: (a) 400 ◦C and
(b) 800 ◦C.

In the first region, which includes both the drying and devolatilization stages, there
is no significant difference between gasification and combustion conversion regimes. At
400 ◦C the average mass loss was 75%, while at 800 ◦C the mass loss was approximately
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85%. This suggests that temperature has a small impact on the sample’s mass loss. However,
temperature has a major impact on the devolatilization rate. The average mass loss rate
detected was 0.16 and 0.72%/s in gasification conditions at 400 and 800 ◦C, respectively.
However, in combustion conditions, the devolatilization rate increases from 0.16 to 0.70%/s
at 400 and 800 ◦C, respectively. This means there is an increase of nearly four times the
devolatilization rate by increasing the process temperature from 400 to 800 ◦C.

However, after the first region, the mass loss decreases over time but at a much
slower rate. Hence, when the moisture and volatile matter are completely released, char
oxidation starts and the mass loss starts to decrease more slowly. Mau et al. [45] showed
this phenomena in his work by performing TGA on several char samples.

Hence, in the second region, it is possible to observe that there are differences between
the mass loss curves at different thermochemical conditions and at both temperatures. For
this stage, the average mass loss rate was 0.016 and 0.006%/s in gasification conditions
at 400 and 800 ◦C, and 0.024 and 0.012%/s in combustion conditions at 400 and 800 ◦C,
respectively. There are two main characteristics that can be noticed. In the first one, the
mass loss rate was higher in combustion conditions, indicating that the presence of air
enhances thermal loss due to the higher diffusion of oxygen into the solid biomass particles
when compared with reduced oxygen in gasification. Simultaneously, at 400 ◦C the mass
loss rate was higher compared with the tests performed at 800 ◦C for both conditions. This
suggests that the remaining volatile matter that could not be devolatilized in the first stage
is used to improve the char oxidation. This is in agreement to the review by Li [46] in
which the author demonstrated the importance of the volatile-char interactions during the
gasification process.

Furthermore, another important issue that can be observed by analyzing the mass
loss curves is that the drying and devolatilization stages happen at the same time. One of
the reasons might be because the moisture content of the samples was not so significant.
However, higher moisture content can introduce some variance on the mass loss on a
TGA experiment [47]. As it can be observed, there are no variations of the mass loss
in the early stages, which states clearly that the gasification and combustion processes
of larger particles do not have the sequence of distinct conversion stages when large
particles are burned. In smaller samples, these two steps can be clearly identified as
separate events, as the thermal gradients inside the particles are negligible [48]. Table 2
presents some characteristic parameters of the mass loss curves, which corroborate the
abovementioned findings. Additionally, the results of the final mass suggest that char
conversion also depends on the environment temperature. This fact is highlighted by the
difference observed in the result between the experiments at low and high temperatures.
Hence, mass transfer (diffusion of oxygen) and kinetics control the second mass region.

Table 2. Characteristic parameters of the mass loss curves at different regimes of thermochemical
conversion in the same period of the experiment (600 s).

Temperature
Mass Loss—1st

Stage (%)
Devolatilization

Time (s)
Final Mass (%)

Gasification
400 ◦C 74.49 466 23.35
800 ◦C 84.60 117 12.44

Combustion
400 ◦C 75.19 477 21.80
800 ◦C 85.80 126 8.30

3.2. Gas Release: Product Distribution

The gases released during all conversion periods were collected. Figure 3 presents the
average results from these experiments and shows, in particular, that gaseous emissions
are strongly dependent on the operating temperature and the thermochemical conversion
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regime. The standard deviation during all experiments was not higher than 0.5%. The
remaining volume percentage corresponds to the nitrogen and oxygen content.
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Figure 3. Gas emissions at different reactor temperatures and conversion conditions: (a) gasification
at 400 ◦C, (b) combustion at 400 ◦C, (c) gasification at 800 ◦C, (d) combustion at 800 ◦C.

A similar trend was reported by Neves et al. [42], where it was found that at tempera-
tures above 500 ◦C, the gaseous products strongly become temperature-dependent, leading
to a substantial increase in the CO mass fractions. This was considered a result of secondary
reactions, which resulted in the decrease in the tar mass fraction, also due to the conversion
to CH4. The same behavior was described by Mehrabian et al. [43] based on dedicated
experiments and data collected from the literature. Secondary reactions of the volatiles
are negligible at low temperatures, and most of the permanent gases result directly from
biomass thermal degradation. Within the low temperature range, gases like CO and CO2
are the main permanent gas compounds with low quantities of CH4. As the temperature
increases, secondary reactions occur, and an increase in CO and CH4 are attributed to the
decrease of tar. Here, due to higher temperatures, the yields of the volatiles have a strong
correlation with the temperature and CO is considered responsible for the conversion of
two-thirds of the tar.

Although the tar was not measured during the experiments, the results are in accor-
dance with the theory. As depicted in Figure 3, there is a considerable increment of the CO
from 10 to 21%, CH4 from 1 to 20%, and CO2 from 1 to almost 15% (peak) in gasification
conditions, when increasing the temperature. In combustion conditions, the increase in
temperature also enhanced the concentration of CO and CO2 from 3.5 to 5% and 4.5 to
9%, respectively. Regarding the influence of the air in the process, at 400 ◦C, increasing
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the air flow rate enhanced the combustion process by converting the CO into CO2. At 800
◦C, once again, the air revealed a major influence on gas conversion, specifically for the
CO and CH4 that decreased their concentration from 21 to 5% and 20 to 1%, respectively.
This fact is in line with the previously mentioned findings reported in the literature. To
quantify the differences between both conversion regimes and the influence of the reactor
temperature, the volume of each gas compound, as well as their average value, was com-
puted during the experiment. Table 3 presents these values and it is possible to observe
that all gas compounds, except H2, increased when the experiment was developed at 800
◦C, particularly in sub-stoichiometric conditions.

Table 3. Normalized gas emissions considering the different regimes of thermochemical conversion,
temperatures, and the duration of the experiment (600 s). The numbers in brackets refer to the
average percentage during the experiment.

Gasification Combustion
400 ◦C 800 ◦C 400 ◦C 800 ◦C

Value (L/g Biomass)
CO2 0.32 (0.57) 3.96 (9.99) 1.43 (3.01) 1.28 (4.05)
CO 2.58 (4.50) 2.79 (7.07) 0.86 (1.82) 0.53 (1.73)
CH4 0.18 (0.30) 2.02 (5.13) 0.08 (0.17) 0.13 (0.44)
H2 0.32 (0.63) 0.34 (0.87) 0.32 (0.69) 0.36 (1.06)

4. Conclusions

This work presented a purpose-built facility developed to study how solid biomass fu-
els behave in conditions similar to those found in industrial power plants. This work stands
out from the major of macro TGA in literature as it employs a single work temperature
in contrast to the usual increase of the temperature on a fixed heating rate [38,49]. From
a practical point of view, this information may be valuable for developing mathematical
models. Hence, the mass loss profiles at different thermochemical conditions of eucalyptus
woodchips are presented together with the composition of the gases released over time at
two different temperatures.

The reactor proved to be a very useful equipment to analyze the combustion behavior,
study the phenomena, which are relevant in an industrial furnace on a small scale, and
demonstrated good reproducibility. Furthermore, the weight loss and the release quantifi-
cation of the different gas compounds were particularly important to expose the differences
between the different thermochemical conversion regimes. The main results and findings
led to the following conclusions:

• Mainly due to the low moisture content, only two different stages can characterize
the mass loss of eucalyptus woodchips at low and high temperatures with different
kinetics for both thermochemical regimes.

• The first region, which corresponds to a mass loss of 75 to 85% (gasification and
combustion, respectively), does not present the influence of the air flow rate, which
defines the thermochemical conversion condition; however, there is a significant
difference between gasification and combustion conversion at different temperatures.
Therefore, the kinetics of the reaction in the devolatilization stage is mainly dependent
on the temperature.

• The second conversion stage, in its turn, is dependent on the air flow rate and, there-
fore, dependent on the diffusion of the oxygen supplied to the solid biomass particles.
However, it was verified that at the lowest reactor temperature this reaction presented
a contribution of the temperature. This might be related to the remaining volatile
matter that was not consumed in the devolatilization stage and was used to react with
the remaining carbon.

• Regarding the gases released during all conversion periods, a strong dependency on
the reactor temperature and the thermochemical conversion regime was observed.
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• All gas compounds, except H2, increased substantially with reactor temperature and,
mainly, when gasification occurred. This suggests that the success of obtaining a better
combustible gas during the gasification process depends substantially on process
temperature [50].

• The yield of the lowest temperature, comparing both thermochemical conversion con-
ditions, the CO and CO2 emissions are approximately 3 times higher when gasification
occurs. However, at 800 ◦C, the same trend was verified, while a considerable amount
of CH4 was also verified.

• The gas emissions also showed the impact of the air injection in the conversion of
combustible gases and in non-combustible gases. By increasing the CO2, CO, and CH4,
concentrations for both temperatures were reduced.

• The measurement of the gas emissions in the purpose-built facility also demonstrated a
useful strategy to further define the correct boundary conditions for CFD simulations.

For future work, data concerning reaction kinetics and gas emissions will be incorpo-
rated into a numerical model to describe the thermochemical conversion behavior inside
an industrial grate-fired boiler. This type of information is one of the main drawbacks of
commercial simulation software. Additionally, this approach extends to other types of fuels
whose behavior is less understood.
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Abstract: The purpose of this work was to evaluate the recovery of bioactive extracts from Acacia
dealbata leaves and twigs and to characterize their chemical composition and functional properties.
Fresh and air-dried samples were extracted by maceration at room temperature and by hot extraction
at 60 ◦C using aqueous solutions of acetone, ethanol, and methanol. The highest extraction yields
(14.8 and 12.0% for dried leaves and twigs, respectively) were obtained with 70% acetone, for
both extraction procedures. Extracts were characterized for total phenolics content (TPC), total
flavonoid content (TFC) and total proanthocyanidin content (TPrAC). Bioactive extracts with high
TPC (526.4 mg GAE/g extract), TFC (198.4 mg CatE/g extract), and TPrAC (631.3 mg PycE/g
extract) were obtained using maceration, a technically simple and low-energy process. The non-polar
fraction of selected extracts was characterized using gas chromatography and time of flight mass
spectrometry (GC-TOFMS). The main components detected were phytol, squalene, α-tocopherol,
lupenone, and lupeol. The antioxidant activity of the extracts was characterized through DPPH and
FRAP assays. Antimicrobial activity of the extracts against different bacteria was also determined.
The highest DPPH and FRAP activities were obtained from dried twigs from Alcobaça (1068.3 mg
TE/g extract and 9194.6 mmol Fe2+/g extract, respectively). Extracts from both leaves and twigs
showed antimicrobial properties against Staphylococcus aureus, Staphylococcus epidermidis, methicillin
resistant Staphylococcus aureus (MRSA), Enterococcus faecalis, Bacillus cereus, Streptococcus mutans,
and Streptococcus mitis. The results obtained demonstrate the feasibility of recovering valuable
components from these biomass fractions that may be further valorized for energy production in a
biorefinery concept.

Keywords: Acacia dealbata; leaves; twigs; antioxidant; antimicrobial; invasive species

1. Introduction

The genus Acacia comprises more than 1350 species distributed throughout tropical
and warm temperate areas of the world [1]. Most of those species are native to Australia
but spread all over the world due to a wide variety of useful applications such as sand
and dunes stabilization, extraction of tannins, essences or gums, valorization as timber
or fodder crop, and production of biofuels [2–4]. The ability to easily adapt to changing
environments, the large seed production and accumulation of massive seed banks for long
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periods, the high capacity for reproduction after fires and cuttings, and the allelopathic
properties are some of the characteristics that contribute to the success of Acacia spp. as
invaders, leading to negative impacts on ecosystem biodiversity [5–7].

A. dealbata is one of the most widespread Acacia species [7,8] and is classified as invasive
in Portuguese territory [9]. Periodic removal operations to minimize its proliferation
generate high amounts of biomass that is usually burned for energy production or landfilled,
but these solutions are not economically sustainable due to the high costs of biomass
collection and transportation. However, different fractions of Acacia spp. biomass have
been evaluated as raw materials to produce functional extracts that can be used in the
nutraceutical, cosmetic, or food industries. In fact, it is widely documented that bark,
wood, leaves, flowers, pods, seeds or roots of Acacia spp. are rich in bioactive secondary
metabolites (e.g., amines and alkaloids, cyanogenic glycosides, cyclitols, fatty acids and
seed oils, gums, non-protein amino acids, terpenes, tannins and other flavonoids, and
simple phenolics) [4,10] and have been used in traditional medicine for a wide range of
ailments, such as diabetes, worm infection, dysmenorrhea, eczema, malaria, gout, jaundice,
abdominal pain, kidney problems, constipation, leprosy, piles, pneumonia, rheumatism,
fever, and cancer [11].

Plant extracts are known for their ability to act as antioxidants and reduce oxidative
stress [12], a physiologic condition considered to play a key role in the pathogenesis of
several degenerative diseases, such as cardiovascular diseases, diabetes neurodegeneration,
or cancer [13]. Additionally, it has been reported that plant secondary metabolites also
possess antimicrobial properties, which is important in the development of alternatives to
antibiotics due to the increasing resistance to conventional antimicrobial agents [14]. There-
fore, the production of bioactive extracts from A. dealbata biomass is an additional pathway
for the valorization of these biomass materials, complementing energy applications and
contributing to the sustainability of the forest cleaning and management actions, reducing
the risk of fire, and improving the social-economic development of rural areas.

Extraction of value-added components from Acacia spp. has been focused mainly
on the bark, flower, wood, and leaves as reviewed by Correia et al. [15]. Concerning
the leaves fraction, antioxidant or antimicrobial activities have been determined for A.
farnesiana [16], A. karroo [17–20], A. longifolia [21], A. pycnantha [22,23], A. saligna [24–27],
or A. nilotica [28]. The antioxidant and antimicrobial activities of A. dealbata leaves were
evaluated by Borges et al. [29], for acetonic and ethanolic extracts of fresh A. dealbata leaves,
obtained with different extraction methods. Ethanolic extracts of dried A. dealbata leaves
were also found to have antimicrobial activity against the food poisoning agent Bacillus
cereus [30].

Research on extraction of functional components from twigs of Acacia spp. is scarce.
Extracts of A. nilotica twigs were characterized for antimicrobial activity against oral
pathogens [31–34], while extracts of A. pennata twigs were described as having some
potential application in the prevention of Alzheimer’s disease [35].

The extraction methods explored so far included solid-liquid extraction for a pre-
determined period under agitation at room temperature (1 h [29], 8 h [34], or 2 days [30,33])
ultrasound-assisted extraction [29], Soxhlet [29,35], microwave-assisted extraction [29],
cold percolation [31], and supercritical fluid extraction [32,36]. Most of these methods are
energy-consuming or involve high investment costs and may promote thermal degradation
of the extract components [37].

This study aimed to investigate the production of bioactive extracts from leaves and
twigs of A. dealbata, using maceration at room temperature, a method with low energy
requirements and easy to implement on an industrial scale. Extraction with different
aqueous solvents (acetone, ethanol, and methanol) was applied to fresh and dried biomass,
collected in two different locations to evaluate the influence of solvent polarity, biomass
water content, and geographic origin on the characteristics of the extracts, namely their
yield, composition, and properties. To the best of our knowledge, this is also the first study
on the production and characterization of bioactive extracts from A. dealbata twigs. The
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extracts were characterized for mass yield, total phenolic content, total flavonoid content,
total proanthocyanidins content, in vitro antioxidant activity tests, and antimicrobial ac-
tivity against several bacteria and yeasts. To identify non-polar components that might
contribute to the antioxidant or antimicrobial properties of the extracts, a representative set
of leaves and twigs extracts were fractionated and characterized by GC-TOFMS.

2. Materials and Methods

2.1. Plant Material

Branches of at least ten different A. dealbata trees of Caparica (CAP) and Alcobaça
(ALC) regions were collected. Samples of around 500 g of branches were collected from
each tree and combined to obtain a composite sample from that geographical origin. For
each composite sample, leaves were separated from the twigs and both fractions were
analyzed separately. Fresh and dried leaves and twigs were manually cut into small pieces
about 1 cm in length before impregnation with the solvent.

2.2. Chemicals and Reagents

Acetone, ethanol 96◦, methanol, and petroleum ether used in the extraction processes
were purchased from CarloErba Reagents (Val de Reuil, France). Folin-Ciocalteau reagent
(Panreac, Barcelona, Spain), sodium carbonate (Labkem, Barcelona, Spain), and gallic acid
(Merck, Darmstadt, Germany) were used to determine phenolics content. The reagents
sodium nitrite (NaNO2), sodium hydroxide (NaOH), and aluminium chloride (AlCl3) used
in the determination of flavonoids were all purchased from Merck (Darmstadt, Germany).
Butanol (Panreac, Barcelona, Spain), ferrous sulfate heptahydrate (FeSO4·7H2O) (Panreac,
Barcelona, Spain), hydrochloric acid (Chem-Lab NV, Zedelgem, Belgium), and Pycnognol®

(generously provided by Horphag Research Ltd, Geneva, Switzerland) were used in the
acid-butanol assay. The reagent 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma-Aldrich,
St. Louis, MO, USA) was used in the DPPH assay. The reagents 2,4,6-tris(2-pyridyl)-s-
triazine (TPTZ), acetate buffer 3.6, iron (III) chloride (FeCl3), and iron (II) sulfate (FeSO4)
used in the ferric reducing antioxidant power (FRAP) assay were also purchased from
Merck (Darmstadt, Germany). Ketoconazole, ofloxacin and vancomycin were purchase
from Sigma-Aldrich (St. Louis, MO, USA). Brain heart infusion agar (BHIA) was purchased
from Merck (Darmstadt, Germany). Mueller-Hinton agar (MHA), Sabouraud dextrose
agar (SDA) and Trypto casein-soy agar (TSA) were purchase from Biokar diagnostics
(Allonne, France).

2.3. Extraction Procedure

A portion of leaves and twigs was processed in a fresh state, during the first 24 h
from harvest, while the remaining biomass was left to dry in air, at room temperature,
until a constant weight was attained. Two extraction methods were compared with the
fresh and dried raw material: maceration at room temperature for 48 h in the case of
the leaves and 24 h for the twigs; extraction times were selected for leaves and twigs
as the maceration time necessary to achieve constant values of extract yield and extract
composition according to a previous study (Supplementary Materials; Table S2). Hot
extraction was performed at 60 ◦C for 1 h, for both leaves and twigs, to evaluate the effect of
temperature in extract yield and properties. Higher temperatures were not selected to avoid
thermal degradation of the extracts. Maceration and hot extraction were performed in a
single step, at a biomass:solvent ratio of 1:6 (w:v), using 70% of aqueous acetone (70% ACE),
70% aqueous ethanol (70% ET), and 70% of aqueous methanol (70% MET) as extraction
solvents. After the extraction period, the liquid extract was separated from the biomass
by filtration and stored at −20 ◦C until analysis. An adequate aliquot was evaporated to
dryness at reduced pressure to determine the mass yield (expressed as percentage, on a
wet basis). The extraction process was made in duplicate for each one of the four biomass
samples of leaves and twigs (fresh and dried material, from Caparica and Alcobaça).
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Extraction of spent raw material was also assessed after the removal of lipophilic
components by petroleum ether. Dried leaves and twigs were extracted with petroleum
ether by maceration at room temperature using a biomass:solvent ratio of 1:5, and the
lipophilic extracts were stored for subsequent analysis and not included in this study. The
spent biomass was left to dry in air at room temperature and then submitted to extraction of
polar components by maceration at room temperature with 70% ACE at the same conditions
that were used for the raw leaves and twigs. Mass yields were determined as described
above, and the extracts were stored at −20 ◦C until analysis.

2.4. Extracts Characterization

Total phenolic content (TPC) of the extracts was measured by the Folin-Ciocalteu
method, following an adaptation of the method described by Singleton et al. [38]. Briefly,
0.5 mL of extract, 2 mL of distilled water, and 0.5 mL of Folin-Ciocalteu reagent were
added to a test tube and allowed to stand for 5 min. Then, 2 mL of aqueous sodium
bicarbonate (10% m/V) were added, and the mixture was incubated for 1 h in the dark.
Absorbance was then measured at 760 nm and total phenolic content was determined using
a calibration curve constructed with gallic acid standards. Results were expressed as gallic
acid equivalents (mg GAE/g of dry extract, and mg GAE/g of fresh biomass).

Total flavonoid content was determined as described by Barros et al. [39]. Briefly,
0.5 mL of extract was mixed with 2 mL of distilled water and subsequently with 0.15 mL
of NaNO2 solution (5%). After 6 min, 0.15 mL of AlCl3 solution (10%) was added and
allowed to stand further 6 min. After this period 2 mL of NaOH solution (4%) was added
to the mixture, and distilled water was then added to bring the final volume to 5 mL. Then,
the mixture was completely mixed and allowed to stand for 15 min. Finally, absorbance
was measured at 510 nm (Biochrom Libra S4). The results were expressed in catechin
equivalents (mg CatE/g of dry extract, and mg CatE/g of fresh biomass). A calibration
curve was also made using rutin as a standard for comparison of the results with the ones
found in the literature expressed in rutin equivalents (mg RE/g of dry extract, and mg
RE/g of fresh biomass).

Total proanthocyanidin content (TPrAC) was determined by the butanol-HCl assay,
exactly as described by Skerget et al. [40]. Briefly, 5 mL of an acidic ferrous solution (77 mg
FeSO4·7H2O in 500 mL HCl/BuOH (2/3)) was added to 0.5 mL of the extract. The tubes
were covered and put in a water bath at 95 ◦C for 15 min. The absorbance was read at 540 nm
(Biochrom Libra S4). The same procedure was made using a proanthocyanidin commercial
extract (Pycnogenol®) to build a calibration curve, and the results were expressed as
Pycnogenol® equivalents (mg PycE/g of dry extract, and mg PycE/g of fresh biomass).

Antioxidant activity was evaluated by the DPPH free radical scavenging assay and by
the ferric reducing antioxidant power assay. For the DPPH assay [41], 0.5 mL of extract were
mixed with 4 mL of DPPH solution (2,2-diphenyl-1-picrylhydrazyl at 45 mg/L in methanol),
and then incubated at room temperature for 30 min. After incubation, absorbance was
measured at 517 nm and the results were expressed in Trolox equivalents by using a
calibration curve obtained with Trolox as a standard (mg TE/g of dry extract, and mg TE/g
of fresh biomass).

The FRAP assay was carried out using the procedure of Benzie and Strain with slight
modifications [42]. The FRAP reagent was prepared from 0.3 M acetate buffer (pH 3.6),
10 mM TPTZ solution in 40 mM HCl, and 20 mM iron (III) chloride solution in proportions
of 10:1:1 (v/v), respectively. This reagent was freshly prepared before analysis and warmed
to 37 ◦C in a water bath prior to use. One hundred microliters of sample were added to
3 mL of the FRAP reagent and the mixture was kept at 37 ◦C for 30 min. After this period,
absorbance was recorded at 593 nm. A standard curve was made using iron (II) sulfate
solution, and the results were expressed as mmol Fe(II)/g of dry extract and as mmol
Fe(II)/g of fresh biomass.

In all these characterization assays, two replicates of each sample were analyzed
in triplicate.
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2.5. Antimicrobial Activity

Antimicrobial activity was assayed against Gram-negative bacteria (Escherichia coli
ATCC® 8739TM and Pseudomonas aeruginosa ATCC® 9027TM), Gram-positive bacteria (Staphy-
lococcus aureus ATCC® 6538TM, Staphylococcus epidermidis ATCC®12228TM, methicillin resis-
tant Staphylococcus aureus (MRSA) ATCC® 33591TM, Enterococcus faecalis ATCC® 29212TM,
Bacillus cereus ATCC®11778TM, Streptococcus mutans ATCC®25175TM and Streptococcus mitis
NCIMB®13770) and a yeast (Candida albicans ATCC® 10231TM). All microbial strains were
kept at −70 ◦C in broth with glycerol (15% v/v). The antimicrobial activity was assessed
by the well-diffusion assay, according to Pereira et al. [43]. Briefly, microorganisms were
subcultured on TSA (E. coli, P. aeruginosa, S. Choleraesuis, S. aureus, MRSA, S. epidermidis,
E. faecalis and B. cereus), BHIA (S. mutans and S. mitis) or SDA (C. albicans) and incubated
at 30 ± 2 ◦C (B. cereus and C. albicans) or 35 ± 2 ◦C (remaining bacteria). Isolated colonies
were suspended in saline medium (NaCl, 0.85% w/v), and the turbidity was adjusted to 0.5
on the McFarland scale (approx. 1–2 × 108 CFU/mL for bacteria and 1–5 × 106 CFU/mL
for yeasts) (DEN-1B McFarland Densitometer, Grant-bio). Subsequently, microbial suspen-
sions were spread on BHIA (S. mutans and S. mitis) or MHA (remaining microorganisms)
Petri dishes, wells (6 mm in diameter) were aseptically punched, and 50 μL of extracts
(10 mg/mL) were poured into the wells. The plates were incubated, in the dark, for 24 h
at 30 ± 2 ◦C (B. cereus and C. albicans) or 35 ± 2 ◦C (remaining bacteria). Antimicrobial
activity was evaluated by measuring the diameter of the growth inhibition zone (mm)
around the well. Paper disks impregnated with vancomycin (Gram-positive bacteria),
ofloxacin (Gram-negative bacteria) and ketoconazole (C. albicans) were used as positive
controls. Ethanol (70% w/v) was used as a negative control. Data are presented as the
mean ± standard deviation. All the determinations were performed in triplicates.

2.6. GC-TOFMS Analysis

The extracts selected for analysis of non-polar components were derivatized using a
procedure adapted from Popova et al. [44]. Briefly, 2 mL of each extract was evaporated to
dryness and the residue was diluted in 100 μL of pyridine and 100 μL of the derivatizing
agent N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA); the mixture was incubated at
room temperature for 12 h, diluted in petroleum ether (1.5 mL), dried with anhydrous
sodium sulphate and kept at −5 ◦C until analysis. Analyses were performed with an
Agilent 7890B (Palo Alto, CA, USA) gas chromatograph equipped with a multi-mode
inlet. An Agilent HP-5MS UI fused silica capillary column (30 m × 0.25 mm i.d., 0.25 μm
d f—film thickness) was used in all separations. An aliquot of the derivatized sample
(1 μL) was injected via a LECO L-PAL3 autosampler fitted with a 10 μL syringe. The
injector was operated in solvent vent mode, with the split valve opened at 100 mL/min
for 25 s, and the injector at 70 ◦C. Then, the split valve was closed for 120 s, and the inlet
temperature was raised to 300 ◦C at 700 ◦C/min. Finally, the split valve was opened again
at 20 mL/min until the end of the run. The oven program was as follows: 50 ◦C for 1 min,
then 7 ◦C/min until 100 ◦C, then 3 ◦C/min until 220 ◦C, and finally 10 ◦C/min until 295 ◦C,
held for 8 min. The transfer line to the MS was kept at 300 ◦C. Detection was performed
with a LECO Pegasus BT Time-of-Flight mass spectrometer (Saint Joseph, MI, USA). The
MS was operated with the ion source at 250 ◦C, electron ionization at 70 eV, acquisition
from m/z 40 to 550, 10 spectra per second and an acquisition delay of 480 s for liquid
samples. Data acquisition, system control and spectra deconvolution were performed
using LECO ChromaTOF version 5.40. NIST MS Search Program Version 2.3 g was used
for spectra matching (NIST, 2015). Linear retention index (LRIs) values for sample peaks
were calculated by analyzing the commercial alkane standard solution C8–C40, using the
aforementioned chromatographic conditions [45].

2.7. Statistical Analysis

Statistical analysis of the results was performed using the SPSS software, version 23
(IBM Analytics, Armonk, NY, USA). Analysis of variance (ANOVA) was performed to
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evaluate significant differences between averages, and the Tukey post hoc test (p < 0.05)
was used to perform multiple comparisons between averages.

3. Results and Discussion

3.1. Extract Yield and Composition

The recovery of bioactive extracts from A. dealbata leaves and twigs was evaluated for
different extraction methods (maceration at room temperature and hot extraction), different
solvents (70% ACE, 70% ET, and 70% MET), different geographical origins (Caparica and
Alcobaça) and for different biomass water contents (fresh biomass and dried biomass).

Leaves and twigs were collected in Alcobaça (39◦36′36.5′′ N; 8◦59′45.0′′ W, at 32–40 m
of altitude) and Caparica (38◦37′22.6′′ N; 9◦10′38.5′′ W, at 44–48 m of altitude). Both loca-
tions are classified as Csb (Warm-summer Mediterranean climate) according to Köppen-
Geiger’s classification system for climate but with some differences between them. Monthly
average daily temperatures are in similar ranges (10.6–20.4 ◦C for Alcobaça and 11.6–21.9 ◦C
for Caparica), but Alcobaça is characterized by a higher level of annual rainfall (696 mm
against 591 mm) and relative humidity (73–81% against 68–80%) [46,47]. The fresh leaves
and twigs that were processed in the first 24 h from the collection had moisture contents in
the ranges of 47.7–58.3% and 43.4–51.9%, respectively. After air-drying at room temperature,
moisture contents were in the range of 8.1–9.3% for leaves and 8.8–11.2% for twigs.

Extraction yields and compositions (TPC, TFC, and TPrAC contents) for the extracts
obtained leaves and twigs, and the different extraction conditions are presented in Table 1.

Making an overall analysis of this set of data, significantly higher extraction yields
were obtained for dried raw material, and significantly higher TPC, TFC, and TPrAC
contents were found in the extracts produced with 70% ACE (except for hot extraction
from twigs). The TPC, TFC, and TPrAC contents of twigs extracts with 70% ACE were also
higher than those contents in the leaves extracts obtained with the same solvent.

The extraction yield obtained for leaves with 70% ACE (10.5–15.8%, on a wet basis)
was higher than the ones reported by Borges et al. for A. dalbata leaves, extracted with
different solvents (water, methanol, ethanol, acetone, dichloromethane, and hexane) and
extraction methods (maceration under agitation, Soxhlet, and the use of ultrasound and
microwaves), and solvent-to biomass ratio of 1:10, that were in the range of 2.8–12.0% of
fresh weight [29]. Extraction yields were also higher than those observed by Luís et al. [48]
for ethanolic, hydroethanolic (1:1 in volume basis), methanolic, and acetonic extracts of
aerial parts (wood, bark, and leaves) of A. dealbata (3.26–9.51% dry weight) using Soxhlet
extraction and were in the same range of the described for A. melanoxylon aerial parts
(11.88–15.41% dry weight) by the same authors. Concerning twigs, Lomarat et al. found
an extraction yield of dried A. pennata twigs of 15.1%, obtained by Soxhlet extraction with
methanol [35].

For the best extraction solvent (70% ACE), TPC in leaves and twigs extracts varied in
the range 345.8–478.4 mg GAE/g extract and 367.1–526.5 mg GAE/g extract, respectively.
These contents are higher than those found by Luís et al. [48] in extracts of aerial parts of A.
dealbata (203.10–290.65 mg GAE/g extract) and A. melanoxylon (100.10–138.76 mg GAE/g
extract), and higher than the reported for A. farnesiana leaves extracts (63.2–247.9 mg GAE/g
extract) [49], similar to the TPC contents found for A. mearnsii (163.9–646.6 mg GAE/g
extract) [50], A. tortilis (260.7–512.4 mg GAE/g extract) [49], A. nilotica (42.18–116.60 mg
GAE/g extract) [51], and A. ataxacantha (63.26–115.57 mg GAE/g extract) [51] leaves
extracts, but lower than the observed for A. longifolia leaves extracts (524.9–858.8 mg
GAE/g extract) [49]. Leaves and twigs are important sources of phenolics, with contents of
36.2–71.2 mg GAE/g of fresh leaves and 30.1–59.9 mg GAE/g of fresh twigs, respectively
(see full results in Supplementary Material, Table S1). These are in a similar range as what
was observed by Ferreira-Santos et al. [52] with Pinus pinaster bark, a known source of
phenolic compounds, which gave 65.1 and 68.2 mg GAE/g of bark by extraction with 70%
and 50% aqueous ethanol, respectively.
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Table 1. Extraction yields (%, wet basis), TPC (mg GAE/g extract), TFC (mg CatE/g extract), and
TPrAC (mg PycE/g extract) of extracts from fresh and dried leaves and twigs from Alcobaça (ALC)
and Caparica (CAP), using different extraction solvents and extraction methods; TPC, TFC, and
TPrAC expressed relative to the mass of biomass are presented in the Supplementary Material,
Table S1.

Samples
Maceration at Room Temperature Hot Extraction

70% ACE 70% ET 70% MET 70% ACE 70% ET 70% MET

Leaves

Yield

Fresh (ALC) 12.2 ± 0.1 h 10.8 ± 0.1 j 11.6 ± 0.1 i 12.2 ± 0.1 h 11.0 ± 0.1 j 9.9 ± 0.1 l

Fresh (CAP) 10.5 ± 0.2 k 10.0 ± 0.1 l 9.8 ± 0.1 l 12.3 ± 0.1 i 9.8 ± 0.1 l 9.9 ± 0.1 l

Dried (ALC) 14.8 ± 0.1 c 14.4 ± 0.1 de 14.1 ± 0.1 de 15.8 ± 0.1 a 13.5 ± 0.1 f 13.0 ± 0.1 g

Dried (CAP) 14.0 ± 0.1 e 14.3 ± 0.1 de 13.5 ± 0.1 f 15.6 ± 0.1 a 15.8 ± 0.1 a 15.2 ± 0.1 b

TPC

Fresh (ALC) 449.1 ± 8.0 b 338.9 ± 6.6 ghi 329.0 ± 7.6 ijk 428.4 ± 3.7 c 361.0 ± 5.9 de 336.7 ± 6.9 hj

Fresh (CAP) 345.8 ± 4.0 fgh 295.8 ± 6.4 m 288.3 ± 3.4 mn 352.6 ± 5.8 def 324.5 ± 9.5 kl 314.7 ± 7.6 l

Dried (ALC) 478.5 ± 4.5 a 324.9 ± 3.3 jkl 336.1 ± 3.2 hijk 450.6 ± 3.7 b 362.2 ± 3.6 d 351.3 ± 5.4 def

Dried (CAP) 350.2 ± 4.4 efg 292.3 ± 4.3 mn 255.2 ± 5.3 p 352.6 ± 5.4 def 272.4 ± 4.4 o 282.4 ± 4.7 no

TFC

Fresh (ALC) 98.7 ± 2.5 cde 81.4 ± 2.5 kl 75.3 ± 2.6 m 90.7 ± 3.1 gh 83.1 ± 3.4 ijkl 77.7 ± 3.3 lm

Fresh (CAP) 94.9 ± 2.4 efg 97.7 ± 3.4 cde 89.3 ± 3.7 h 106.5 ± 2.8 b 96.6 ± 3.9 def 95.7 ± 2.8 defg

Dried (ALC) 114.8 ± 2.0 a 82.7 ± 1.8 ijkl 81.7 ± 1.3 jkl 103.2 ± 1.5 bc 88.2 ± 1.8 hi 87.0 ± 1.9 hij

Dried (CAP) 105.4 ± 1.7 b 92.1 ± 1.8 fgh 78.9 ± 2.3 klm 101.2 ± 2.8 bcd 83.6 ± 2.3 ijk 82.1 ± 1.9 jkl

TPrAC

Fresh (ALC) 330.7 ± 7.9 b 192.4 ± 6.2 h 203.7 ± 9.3 gh 292.7 ± 9.4 c 191.0 ± 6.1 h 211.6 ± 8.4 g

Fresh (CAP) 255.4 ± 5.5 de 140.2 ± 6.0 j 120.0 ± 5.1 k 263.6 ± 8.1 d 142.2 ± 8.3 j 146.4 ± 5.3 j

Dried (ALC) 357.0 ± 8.0 a 201.5 ± 5.5 gh 189.4 ± 6.3 hi 331.5 ± 5.1 b 241.9 ± 8.8 ef 238.1 ± 7.8 f

Dried (CAP) 279.3 ± 4.5 c 211.1 ± 4.9 g 133.5 ± 5.1 jk 280.0 ± 7.6 c 174.9 ± 8.5 i 198.2 ± 5.8 gh

Twigs

Yield

Fresh (ALC) 7.9 ± 0.1 h 6.9 ± 0.1 kl 6.9 ± 0.1 kl 9.0 ± 0.1 e 8,3 ± 0.1 g 7.7 ± 0.1 hi

Fresh (CAP) 7.3 ± 0.1 j 6.7 ± 0.1 l 7.0 ± 0.1 k 8.0 ± 0.2 g 7.6 ± 0.1 i 7.0 ± 0.1 k

Dried (ALC) 12.0 ± 0.1 a 10.7 ± 0.1 b 10.6 ± 0.1 b 8.8 ± 0.1 ef 7.1 ± 0.1 k 10.1 ± 0.1 c

Dried (CAP) 9.0 ± 0.1 e 8.6 ± 0.1 f 10.1 ± 0.1 c 8.8 ± 0.1 ef 8.3 ± 0.1 g 9.5 ± 0.1 d

TPC

Fresh (ALC) 526.5 ± 4.5 a 406.6 ± 4.3 g 348.3 ± 6.3 j 514.6 ± 2.2 b 420.9 ± 3.3 ef 419.1 ± 3.0 ef

Fresh (CAP) 412.6 ± 6.7 fg 294.2 ± 4.9 n 273.7 ± 7.9 o 367.1 ± 3.8 i 344.8 ± 5.3 jk 324.0 ± 6.1 l

Dried (ALC) 499.0 ± 3.9 c 389.5 ± 7.3 h 329.0 ± 8.3 l 485.6 ± 3.5 d 412.5 ± 5.5 fg 402.6 ± 6.2 g

Dried (CAP) 419.1 ± 3.7 ef 311.0 ± 6.5 m 251.6 ± 3.4 p 425.1 ± 5.8 e 341.5 ± 6.1 jk 334.9 ± 3.3 kl

TFC

Fresh (ALC) 166.2 ± 4.3 cd 139.1 ± 4.0 ijkl 130.9 ± 2.1 m 166.3 ± 3.9 c 137.6 ± 3.3 jkl 135.3 ± 2.6 klm

Fresh (CAP) 178.7 ± 4.7 b 147.6 ± 2.3 fgh 130.0 ± 3.8 mn 153.0 ± 2.8 f 153.2 ± 2.4 ef 144.7 ± 4.5 ghi

Dried (ALC) 166.3 ± 3.0 c 143.0 ± 3.4 hij 133.8 ± 2.0 lm 163.8 ± 1.7 cd 139.7 ± 2.8 ijkl 141.0 ± 2.9 hijk

Dried (CAP) 198.4 ± 2.7 a 149.8 ± 3.3 fg 123.8 ± 2.4 n 201.0 ± 1.9 a 159.6 ± 1.4 de 151.5 ± 2.7 f

TprAC

Fresh (ALC) 585.8 ± 10.3 b 307.5 ± 7.1 i 286.4 ± 11.6 j 553.3 ± 7.0 c 375.2 ± 6.8 g 387.7 ± 9.0 g

Fresh (CAP) 440.3 ± 9.1 e 94.2 ± 6.9 m 72.3 ± 6.3 n 388.3 ± 9.2 g 209.1 ± 7.8 k 142.1 ± 7.3 l

Dried (ALC) 576.4 ± 5.5 b 340.3 ± 9.5 h 305.1 ± 6.9 i 516.9 ± 8.2 d 351.0 ± 8.1 h 384.6 ± 6.5 g

Dried (CAP) 631.3 ± 7.9 a 379.9 ± 9.8 g 306.0 ± 7.2 i 614.3 ± 8.4 a 417.6 ± 6.1 f 432.4 ± 6.4 ef

Values (mean ± standard deviation) are average of two replicates of each sample, analyzed individually in
triplicate (n = 2 × 3); different letters indicate significant differences of means within samples, for each determined
parameter (one-way ANOVA, Tukey test at p < 0.05).

For 70% ACE, TFC in leaves and twigs extracts lied between 90.7 and 114.8 mg
CatE/g extract and 153.0 to 198.4 mg CatE/g extract, respectively. A calibration curve was
made using rutin as a standard for comparison purposes, giving 228.8–348.0 mg RE/g
extract for leaves, and 375.5–601.4 mg RE/g extract (Supplementary Material, Table S3).
TFC in leaves extracts were in the range observed by Tung et al. [53] with leaves of A.
nilotica (2.3–355.3 mg RE/g extract), while TFC in twigs extracts were higher. The TFC
values found in the extracts of A. dealbata twigs with 70% ACE were higher than those
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observed in bark extracts of various Acacia spp. including A. dealbata (74.0–134.0 mg RE/g
extract) [54], in leaves and bark extracts of A. nilotica and A. ataxacantha (0.34–49.90 mg RE/g
extract) [51], or in Pinus pinaster bark extracts, a known source of flavonoids (77–161 mg
CatE/g extract) [52]. Relatively to the mass of raw material, TFC contents varied in the
range 9.9–17.0 mg CatE/g of leaves (30.2–51.4 mg RE/g of leaves), and 12.6–20.0 mg CatE/g
of twig (38.2–60.5 mg RE/g of twig) (see full results in Supplementary Material, Table
S4), which are much superior to the reported by Sowndhararajan et al. for the bark of A.
dealbata and other Acacia spp. (2.4–15.5 mg RE/g of bark), and also other known sources of
flavonoids such as yellow, green, and black teas (0.2–3.8 mg CatE/g of tea) [55], and red
fruits (0.2–0.8 mg CatE/g of tea) [56].

Regarding TPrAC, the results were expressed relative to a standard source of proan-
thocyanidins, the commercial extract Pycnogenol®, a mixture of proanthocyanidins ex-
tracted from bark of Atlantic Pinus trees. As observed for TPC and TFC, the extracts with
higher TPrAC contents were obtained with 70% ACE, with TPrAC values in the range
of 255.4–357.0 mg PycE/g extract for leaves, and in the range of 388.3–631.3 mg PycE/g
extract for twigs.

The results of this study showed that the leaves and twigs of A. dealbata from Caparica
and from Alcobaça regions can be an abundant source of extracts rich in phenolics, es-
pecially flavonoids and proanthocyanidins, with average contents similar or higher than
comparable extratcs described in the literature.

For a better interpretation of the impact of the extraction method (regardless of the
drying status or the origin of the plant), the average of the measured variables for all
extracts produced by maceration was compared with the average of all extracts produced
by hot extraction for each solvent. The same approach was followed to evaluate the average
values of the measured variables for all extracts obtained from fresh and dried leaves
(regardless of other extraction parameters). The average values of the measured variables
for the extracts obtained from a specific origin (Caparica or Alcobaça) were also determined
and compared. These results were then subject to analysis of variance (ANOVA) followed
by Tukey’s test at p < 0.05 and are shown in Supplementary Material, Table S5.

For the extraction yield, statistically significant differences were only found between
fresh and dried raw materials, as shown in the Figure 1. Yields in the range 13.9–15.0%,
and 10.3–11.6% were found for dried and fresh leaves, respectively and yields in the range
of 8.7–10.1%, and 7.2–8.1% were found for dried and fresh twigs, respectively.

Figure 1. Comparison of the average extraction yields for fresh and dried leaves and twigs (regardless
the extraction method and the provenience of the raw material); different letters indicate significant
differences of means (one-way ANOVA, Tukey test at p < 0.05).

In what concerns the TPC, TFC, and TPrAC of the extracts, no significant differences
were found between maceration and hot extraction, except for methanolic extracts that
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presented slightly higher contents for hot extraction (Supplementary Material, Table S5).
Figure 2 highlights differences coming from the drying status and origin of the raw material,
for all determined composition parameters.

Figure 2. Comparison of the average values of TPC (mg GAE/g extract), TFC (mg CatE/g extract),
and TPrAC (mg PycE/g extract) for fresh or dried material (regardless the extraction method and the
provenience of the raw material), and for plants from Alcobaça (ALC) and Caparica (CAP) (regardless
the extraction method and the drying status); different letters indicate significant differences of means
(one-way ANOVA, Tukey test at p < 0.05).

Overall, it was confirmed that the higher average values for all the parameters consid-
ered were higher for the extracts obtained with 70% ACE. Regarding leaves, the extracts
from the Alcobaça region had higher average values of TPC and TPrAC and higher average
values of TFC (only for 70% ET and 70% ME extracts) than those from Caparica region.
In the case of twigs, extracts from dried biomass had higher average values of TFC and
TPrAC than those obtained from wet biomass with the same solvents. Extracts of twigs
from Alcobaça region showed higher average values of TPC than those from the Caparica
region. Differences in the average values comparing fresh and dried plants were most
noticed in the extraction yield, TFC, and TPrAC, with dried material originating better
results. The differences of extraction yield or extract composition between fresh or dried
biomass may be explained by the change of the extraction solvent characteristics, since the
presence of biomass moisture corresponds to a reduction of the concentration of the organic
component (acetone, ethanol, or methanol). Differences coming from the plant origin can
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be explained by the fact that secondary metabolites are synthesized by plants to protect
them in adverse conditions from pathogens and environmental stresses, being influenced
by several biotic and abiotic factors, such as water, drought, salinity, temperature, radiation,
or chemical stresses [57]. Thus, differences in edaphoclimatic conditions between Alcobaça
and Caparica can explain the differences observed.

3.2. Antioxidant Activity

The antioxidant activity of the extracts obtained from A. dealbata leaves and twigs was
assessed by DPPH and FRAP assays, and the results are presented in Table 2.

Table 2. Results from DPPH (mg TE/g extract) and FRAP (mmol Fe2+/g extract) of extracts from
fresh and dried leaves and twigs from Alcobaça (ALC) and Caparica (CAP), using different extraction
solvents and extraction methods; DPPH and FRAP results expressed relative to the mass of biomass
are presented in Supplementary Material, Table S1.

Samples
Maceration at Room Temperature Hot Extraction

70% ACE 70% ET 70% MET 70% ACE 70% ET 70% MET

Leaves

DPPH

Fresh (ALC) 740.8 ± 10.1 b 597.9 ± 8.3 e 535.8 ± 8.5 i 740.2 ± 6.1 b 636.7 ± 6.0 d 526.8 ± 5.3 i

Fresh (CAP) 560.0 ± 7.2 h 348.5 ± 5.7 n 335.4 ± 5.9 n 540.0 ± 8.4 gh 428.4 ± 9.0 k 393.6 ± 7.2 m

Dried (ALC) 893.4 ± 10.8 a 578.2 ± 6.5 fg 576.4 ± 8.2 fg 886.5 ± 7.5 a 634.3 ± 9.1 d 685.4 ± 5.5 c

Dried (CAP) 446.3 ± 7.0 j 412.2 ± 5.6 l 337.0 ± 8.3 n 588.9 ± 5.5 ef 392.6 ± 7.3 m 406.6 ± 6.0 lm

FRAP Fresh (ALC) 7664.1 ± 167.6 b 6285.3 ± 95.4 ef 5620.3 ± 118.5 gh 7702.8 ± 164.7 b 6501.3 ± 132.2 de 5423.2 ± 142.5 hi

Fresh (CAP) 6612.1 ± 167.8 d 4386.9 ± 93.0 l 4403.9 ± 129.7 l 6015.2 ± 177.6 def 5072.4 ± 225.1 jk 4835.8 ± 178.6 k

Dried (ALC) 8885.4 ± 93.1 a 6299.9 ± 71.9 ef 5334.0 ± 79.0 ij 6962.5 ± 63.4 c 6175.8 ± 138.3 f 3300.7 ± 98.7 n

Dried (CAP) 5846.6 ± 90.7 g 4855.0 ± 58.6 k 3934.8 ± 103.5 m 5766.3 ± 81.2 g 4097.2 ± 124.8 m 4449.8 ± 82.2 l

Twigs

DPPH

Fresh (ALC) 996.8 ± 6.7 b 757.2 ± 11.6 e 511.1 ± 11.3 j 994.7 ± 6.2 bc 778.8 ± 14.0 d 782.7 ± 8.1 d

Fresh (CAP) 675.5 ± 11.0 h 254.2 ± 6.6 q 230.2 ± 9.2 r 596.3 ± 11.5 i 379.7 ± 11.8 n 358.4 ± 11.4 o

Dried (ALC) 1068.3 ± 8.5 a 665.5 ± 11.2 h 514.2 ± 11.8 j 974.2 ± 6.4 c 791.2 ± 14.3 d 782.1 ± 7.1 d

Dried (CAP) 731.3 ± 6.1 f 418.5 ± 7.9 m 321.3 ± 8.3 p 710.2 ± 5.2 g 474.5 ± 9.9 k 452.6 ± 8.5 l

FRAP Fresh (ALC) 6852.4 ± 208.0 de 6546.5 ± 221.0 e 3989.4 ± 61.6 j 7829.9 ± 140.9 c 6851.8 ± 225.2 de 6554.3 ± 112.4 e

Fresh (CAP) 6951.8 ± 146.0 d 3306.8 ± 109.3 k 3075.8 ± 75.0 k 6192.0 ± 53.1 f 4626.8 ± 255.7 hi 4461.1 ± 137.7 i

Dried (ALC) 9194.6 ± 165.8 a 4770.3 ± 86.1 h 3783.0 ± 84.8 j 8804.2 ± 112.4 b 6987.7 ± 163.4 d 7098.5 ± 87.1 d

Dried (CAP) 7754.4 ± 119.0 c 5354.9 ± 141.1 g 3969.0 ± 85.0 j 8003.8 ± 171.7 c 5585.2 ± 140.0 g 5429.1 ± 83.3 g

Values (mean ± standard deviation) are average of two replicates of each sample, analyzed individually in
triplicate (n = 2 × 3); different letters indicate significant differences of means within samples, for each antioxidant
determination method (one-way ANOVA, Tukey test at p < 0.05).

The highest antioxidant activity of extracts from leaves or twigs was observed when
using 70% ACE as extraction solvent, regardless of the extraction method, drying status, or
the geographical origin of the plant. When using this solvent, the antioxidant activity of
twigs extracts was higher than the one of corresponding leaves extracts.

The DPPH assay measures the ability of extract components to act as free radical
scavengers or hydrogen donors antioxidants [58]. For 70% ACE extracts, the values lied
between 446.3–893.4 mg TE/g extract (58.6–132.1 mg TE/g of leaves) for leaves extract
and between 596.3–1068.3 mg TE/g extract (49.0–128.3 mg TE/g of twigs). These val-
ues are higher than those reported by Zheleva-Dimitrova et al. for extracts from leaves
(31.94–493.90 mg TE/g extract) and stem bark (8.51–349.17 mg TE/g extract) of A. nilotica
and A. ataxacantha [51]. These results are also higher than the ones reported for known
antioxidant sources such as yellow, green, and black teas (11.930–26.521 μmol TE/100 g,
which corresponds to 0.030–0.066 mg TE/g of tea leaves) [55], red fruits (64.14–177.11 μmol
TE/g, corresponding to 16.1–44.3 mg TE/g of fruit) [56], or pine bark (approximately
between 50 and 350 mg TE/g of extract) [59].

The reducing power of the obtained extracts was measured through the FRAP as-
say, which evaluates the reduction of Fe3+ in the complex (Fe3+-TPTZ) to a ferrous form
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(Fe2+-TPTZ), by donation of electrons from the antioxidants, resulting in stopping the
free radical production chain [13,60,61]. For 70% ACE the FRAP values were in the range
5766.3–8885.4 μmol Fe2+/g extract and 6192.0–9194.6 μmol Fe2+/g extract, for leaves and
twigs extracts, respectively. These values higher than those found in leaves (233.17 μmol
Fe2+/g extract), pods (254.42 μmol Fe2+/g extract), and seed (178.14 μmol Fe2+/g extract)
extracts of A. leucophloea [62]. Values of 152 mg Fe2+/g (corresponding to 2721.2 μmol
Fe2+/g extract) and 575 mg Fe2+/g (corresponding to 10296.4 μmol Fe2+/g extract) were
found for Pinus radiata bark extract and standardized Pinus pinaster bark extract Pycnogenol®,
respectively [63].

The extraction solvent significantly affected the antioxidant activity, with the best
results being obtained when using 70% ACE, regardless of the origin and the drying
status of the raw material. Higher antioxidant activities of extracts obtained with aqueous
acetone solutions were also observed with stem bark extracts of Butea monosperma (Lam.)
Kuntze [64], bark extracts of A. leucophloea, A. ferruginea, A. dealbata and A. pennata [54], and
flower extracts of safflower (Carthamus tinctorius L.) [65].

A better understanding of the influence of the extraction method, drying status, and
provenience of the plant on the antioxidant activity can be derived from the analysis
of variance applied using the same approach as for the impact of these factors on the
composition and extract yield. The results are presented in Table 3. Besides the confirmation
of 70% ACE as the best extraction solvent for the removal of antioxidant compounds, it can
be seen that the geographical origin of the plant had the major impact on the antioxidant
activity of the produced extracts, since the extracts of leaves and twigs from Alcobaça
showed significantly higher antioxidant activity than the corresponding extracts from
biomass collected in the Caparica region. The extraction method only gave significant
differences on methanolic and ethanolic extracts of twigs, with hot extraction giving the
highest antioxidant activity by both DPPH and FRAP assays. The effect of using fresh or
dried material was most reflected in the antioxidant activity of twigs given by the FRAP
assay, with dried twigs extracted with 70% ACE originating a significantly higher value
than the one obtained using fresh leaves.

Table 3. Average values of DPPH (mg TE/g extract) and FRAP (mmol Fe2+/g extract) assays for
extracts obtained by maceration and hot extraction (regardless drying status and origin), from fresh
and dried material (regardless extraction method and origin), and from plants from Alcobaça (ALC)
and Caparica (CAP) (regardless extraction process and drying status).

Samples
Leaves Twigs

70% ACE 70% ET 70% MET 70% ACE 70% ET 70% MET

DPPH

Maceration 660.1 ± 174.7 a 484.2 ± 109.0 b 446.1 ± 113.5 b 868.0 ± 171.5 a 523.8 ± 203.4 bc 394.2 ± 125.7 c

Hot extraction 696.2 ± 131.2 a 523.0 ± 115.9 b 503.1 ± 120.0 b 818.9 ± 174.4 a 606.0 ± 186.4 b 593.9 ± 195.7 b

Fresh 652.5 ± 90.2 a 502.9 ± 121.4 b 447.9 ± 88.0 b 815.8 ± 186.2 a 542.5 ± 235.1 b 470.6 ± 210.4 b

Dried 703.8 ± 197.2 a 504.3 ± 106.5 b 501.3 ± 140.5 b 871.0 ± 157.5 a 587.4 ± 152.6 b 517.5 ± 171.7 b

Alcobaça 815.2 ± 76.8 a 611.8 ± 26.2 b 581.1 ± 64.7 bc 1008.5 ± 37.0 a 748.2 ± 51.7 b 647.5 ± 138.1 c

Caparica 541.1 ± 57.3 c 395.4 ± 31.3 d 368.1 ± 33.6 d 678.3 ± 53.1 c 381.7 ± 83.2 d 340.6 ± 81.9 d

FRAP

Maceration 7252.1 ± 1174.0 a 5456.8 ± 873.7 b 4823.3 ± 746.5 bc 7688.3 ± 969.5 a 4994.6 ± 1199.0 c 3704.3 ± 386.4 d

Hot extraction 6693.0 ± 746.5 a 5461.7 ± 981.1 b 4502.4 ± 801.6 c 7707.5 ± 976.6 a 6012.9 ± 1007.8 b 5885.8 ± 1046.0 b

Fresh 7079.9 ± 644.8 a 5561.5 ± 898.9 b 5070.8 ± 509.5 b 6956.5 ± 610.9 b 5333.0 ± 1491.8 cd 4520.2 ± 1306.5 d

Dried 6865.2 ± 1287.9 a 5357.0 ± 946.6 b 4254.8 ± 765.0 c 8439.3 ± 611.2 a 5674.5 ± 841.4 c 5069.9 ± 1364.5 cd

Alcobaça 7803.7 ± 715.8 a 6315.6 ± 159.6 b 4919.5 ± 966.2 c 8170.3 ± 940.4 a 6289.1 ± 926.3 c 5356.3 ± 1518.6 d

Caparica 6141.4 ± 380.2 b 4602.9 ± 412.3 cd 4406.1 ± 347.9 d 7225.5 ± 737.5 b 4718.4 ± 921.4 de 4233.7 ± 873.4 e

Different letters indicate significant differences of means within samples for each set of parameters (one-way
ANOVA, Tukey test at p < 0.05).
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3.3. Extraction of Spent Raw Material

Leaves and twigs of Acacia spp. contain lipophilic compounds such as terpenes,
long-chain alcohols, fatty acids, sterols, aromatic compounds, among others [66]. These
lipophilic components may be valorized in different application fields, and their presence
might limit the access of polar solvents to the matrix, affecting extraction of the bioactive
components. To test this hypothesis the dried leaves and twigs were treated with petroleum
ether, to remove non-polar components and extraction with 70% ACE was performed on
the spent leaves and twigs using equivalent conditions to those used with the raw biomass.
The characterization of the lipophilic extracts will be addressed elsewhere.

The comparison of composition and antioxidant activity of extracts obtained from
dried material macerated at room temperature with 70% ACE, and those of extracts ob-
tained from spent material in similar conditions is shown in Table 4.

Table 4. Extract yield, composition, and antioxidant activity of extracts obtained from raw and spent
leaves and twigs, using maceration at room temperature with 70% ACE as extraction solvent.

Sample Yield TPC TFC TPrAC DPPH FRAP

Leaves Alcobaça-spent 15.5 ± 0.1 436.4 ± 11.1 116.1 ± 2.8 441.0 ± 6.8 796.0 ± 9.9 8807.8 ± 225.1
Alcobaça-raw 14.8 ± 0.1 478.5 ± 4.5 114.8 ± 2.0 357.0 ± 8.0 893.4 ± 10.8 8885.4 ± 93.1

Caparica-spent 14.5 ± 0.1 350.5 ± 2.4 97.0 ± 1.8 356.9 ± 1.6 661.7 ± 3.5 6431.1 ± 85.8
Caparica-raw 14.0 ± 0.1 350.2 ± 4.4 105.4 ± 1.7 279.3 ± 4.5 446.3 ± 7.0 5846.6 ± 90.7

Twigs Alcobaça-spent 12.9 ± 0.1 448.3 ± 8.0 152.8 ± 3.6 610.1 ± 5.8 838.6 ± 8.6 8171.1 ± 153.0
Alcobaça-raw 12.0 ± 0.1 499.0 ± 3.9 166.3 ± 3.0 576.4 ± 5.5 1068.3 ± 8.5 9194.6 ± 165.8

Caparica-spent 10.2 ± 0.1 389.0 ± 5.3 147.6 ± 2.2 544.2 ± 4.7 644.8 ± 9.6 7151.6 ± 160.4
Caparica-raw 9.0 ± 0.1 419.1 ± 3.7 198.4 ± 2.7 631.3 ± 7.9 731.3 ± 6.1 7754.4 ± 119.0

The extracts produced from spent leaves and twigs had a slightly higher yield and
slightly higher proanthocyanidin contents than those obtained from the raw dried materials.
However, TPC and TFC, as well as the antioxidant activity, were slightly lower when using
spent raw material. The removal of lipophilic compounds from the plant matrix may
facilitate the penetration of the solvent, thus allowing obtaining higher extract yields. The
slight decrease in the antioxidant activity may be explained by the previous removal of
lipophilic components with antioxidant activity, such as terpenes or sterols. Despite this, it
should be noted that the values are quite close and that this option allows more efficient
use of this resource by obtaining a wider range of products from the same amount of
raw material.

3.4. Correlations between Composition and Antioxidant Activity

The correlation analysis between TPC, TFC, TPrAC, and antioxidant activities by
DPPH and FRAP assays for the extracts of fresh and spent flowers are given in Table 5.

All the correlations found in this work were statistically significant at p < 0.01, with
the exception made for the correlation between TFC and antioxidant activity by the DPPH
assay for leaves (non-significant) and twigs (significant at p < 0.05) and for the correlation
between TFC and FRAP assay in the case of leaves (significant at p < 0.05). The Pearson’s
correlation coefficients found indicate very strong correlations between TPC and antioxi-
dant activity given by DPPH and FRAP assays, and strong correlations between TPrAC
and the same assays [67], for both leaves and twigs. Moderate correlation was found
between TFC of leaves and twigs and both antioxidant assays. Ref. [68] also found strong
correlations between TPC, TFC and DPPH values (r = 0.771 and r = 0.815), for extracts of A.
nilotica leaves. However, [69] found non-significant correlation between TPC of extracts of
different components (leaves, flowers, and pods) of three Acacia species (A. nilotica, A. seyal,
and A. laeta) and DPPH results, having found a significant correlation between TFC and
DPPH values instead. Significant and strong correlations between TPC and the DPPH and
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FRAP results were found in Pinus densiflora bark extract [59] and in medicinal herbs and
spices [70].

Table 5. Correlation analysis between total phenolics content (TPC), total flavonoid content (TFC),
total proanthocyanidins content (TPrAC) and antioxidant activities given by DPPH and FRAP assays,
for leaves extracts; significance of the correlations assessed at p < 0.05 and at p < 0.01 (two-tailed).

TPC TFC TPrAC DPPH FRAP

Leaves TPC 1

TFC r = 0.563 **
p = 0.003 1

TPrAC r = 0.801 **
p = 0.000

r = 0.553 **
p = 0.003 1

DPPH r = 0.922 **
p = 0.000

r = 0.373
p = 0.061

r = 0.766 **
p = 0.000 1

FRAP r = 0.864 **
p = 0.000

r = 0.490 *
p = 0.011

r = 0.742 **
p = 0.000

r = 0.778 **
p = 0.000 1

Twigs TPC 1

TFC r = 0.511 **
p = 0.008 1

TPrAC r = 0.754 **
p = 0.000

r = 0.671 **
p = 0.000 1

DPPH r = 0.967 **
p = 0.000

r = 0.396 *
p = 0.045

r = 0.765 **
p = 0.000 1

FRAP r = 0.861 **
p = 0.000

r = 0.603 **
p = 0.011

r = 0.856 **
p = 0.000

r = 0.884 **
p = 0.000 1

** correlation is significant at p < 0.01 (two-tailed); * correlation is significant at p < 0.05 (two-tailed).

These findings demonstrate that phenolic compounds have an important role in the
observed antioxidant activity given by DPPH and FRAP assays. Moreover, the abundance
of these compounds in the produced extracts suggests that leaves and twigs have a strong
potential to be explored for obtaining antioxidants for diverse applications, such as in
nutraceutical or cosmetic industries.

3.5. Antimicrobial Activity

A representative group of extract samples was selected to assess antimicrobial activity
against several microorganisms responsible for foodborne disease, skin infections, caries,
and oral infections. Some of these microorganisms, namely S. aureus, Enterococcus spp.,
P. aeruginosa, E. coli, and C. albicans, are usually involved in hospital-acquired infections
and have developed resistance to antibiotics, and virulence factors can exacerbate microbial
drug resistances [71,72]. Antibiotic resistance is emerging as a serious worldwide problem
and natural extracts with antimicrobial activity have been suggested as a solution to
this problem [73]. Natural products from plants could also target microbial virulence
factors and thus play an important role to combat microbial infections and overcoming
antibiotic resistances [74]. Microbial virulence factors encompass a wide range of molecules
produced by pathogens, such as toxins, enzymes, exopolysaccharides, cell surface structures
such as capsules, lipopolysaccharides, glyco- and lipoproteins [75]. Moreover, natural
extracts with antimicrobial activity could be an less polluting and more safe alternative
to synthetic antimicrobial substances applied in food industry and in oral, cosmetics, and
pharmacological formulations [43].

Both leaves and twigs extracts were able to inhibit the growth of Gram-positive
bacteria but were inactive against Gram-negative bacteria and C. albicans. The inhibition
zones against bacteria S. aureus, MRSA, S. epidermis, E. faecalis, B. cereus, S. mutans and
S. mitis are presented in Table 6. Overall, extracts were more effective against B. cereus
(inhibition zones in the range 11.0–12.1 mm for leaves extracts and 9.3–13.0 mm for twigs
extracts), while E. faecalis showed a sensitivity lower than the remaining microorganisms
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(inhibition zones in the range 8.3–8.8 mm for leaves extracts and 9.3–9.8 mm for twigs
extracts).

Table 6. Inhibition zones (mm) of selected extracts of A. dealbata leaves and twigs against S. aureus,
MRSA, S. epidermis, E. faecalis, B. cereus, S. mutans and S. mitis.

Samples (0.5 mg/well) S. aureus MRSA S. epidermidis E. faecalis B. cereus S. mutans S. mitis

Leaves

Dried-70%ACE-maceration (ALC) 10.3 ± 0.1 10.3 ± 0.0 9.8 ± 0.1 8.5 ± 0.1 12.1 ± 0.1 11.0 ± 0.0 11.3 ± 0.6
Dried-70%ET-maceration (ALC) 8.8 ± 0.0 9.5 ± 0.1 8.5 ± 0.1 8.0 ± 0.0 11.5 ± 0.0 10.0 ± 0.0 11.0 ± 0.0

Dried-70%MET-maceration (ALC) 8.5 ± 0.1 9.3 ± 0.1 8.0 ± 0.0 nd 11.0 ± 0.0 10.0 ± 0.0 nd
Dried-70%ACE-maceration (CAP) 9.3 ± 0.0 9.0 ± 0.0 8.5 ± 0.1 8.8 ± 0.0 11.0 ± 0.0 10.0 ± 0.0 9.0 ± 1.7

Dried-70%ACE-hot extraction (ALC) 9.5 ± 0.1 10.5 ± 0.1 9.5 ± 0.1 8.8 ± 0.1 12.0 ± 0.0 10.0 ± 0.0 nd
Fresh-70%ACE-maceration (ALC) 9.5 ± 0.1 9.8 ± 0.0 9.3 ± 0.1 8.3 ± 0.1 11.3 ± 0.0 10.0 ± 0.0 9.3 ± 0.6
Spent leaves-70%ACE-maceration

(ALC) 10.5 ± 0.1 10.5 ± 0.1 9.3 ± 0.0 8.5 ± 0.1 11.8 ± 0.0 11.3 ± 0.0 nd

Twigs

Dried-70%ACE-maceration (ALC) 10.8 ± 0.0 10.5 ± 0.0 10.3 ± 0.1 9.5 ± 0.1 12.5 ± 0.1 9.0 ± 0.0 12.0 ± 0.0
Dried-70%ET-maceration (ALC) nd 7.8 ± 0.0 nd nd 10.0 ± 0.0 9.0 ± 0.0 11.0 ± 0.0

Dried-70%MET-maceration (ALC) nd nd nd nd 9.3 ± 0.0 10.0 ± 0.0 10.0 ± 0.0
Dried-70%ACE-maceration (CAP) 11.0 ± 0.0 11.0 ± 0.0 10.0 ± 0.0 9.5 ± 0.1 13.0 ± 0.0 12.0 ± 0.0 10.0 ± 0.0

Dried-70%ACE-hot extraction (ALC) 10.0 ± 0.0 10.8 ± 0.1 9.8 ± 0.0 9.5 ± 0.1 13.0 ± 0.0 9.0 ± 0.0 11.0 ± 0.0
Fresh-70%ACE-maceration (ALC) 11.0 ± 0.0 10.7 ± 0.0 9.5 ± 0.1 9.3 ± 0.0 12.8 ± 0.1 11.0 ± 0.0 12.0 ± 0.0
Spent twigs-70%ACE-maceration

(ALC) 11.0 ± 0.0 11.0 ± 0.0 9.5 ± 0.1 9.8 ± 0.0 12.1 ± 0.0 9.0 ± 0.0 10.0 ± 0.0

Positive control 12.5 ± 0.5 a 13.9 ± 0.7 a 15.7 ± 1.0 a 12.5 ± 0.5 a 16.4 ± 1.1 a 19.3 ± 0.6 b 25.7 ± 0.6 b

a Vancomycin (5.0 mg); b Vancomycin (50.0 mg); nd: not detected.

Comparing leaves and twigs, twigs originated slightly higher inhibition diameters
than leaves extracts, whenever acetone was used as extraction solvent. 70% ACE was
the best extraction solvent regarding antimicrobial activity, for both leaves and twigs
extracts, having produced significantly higher inhibition diameters than 70% ET or 70%
MET extracts.

The origin of the raw material had a marked influence in the case of leaves extracts,
with extracts obtained with leaves from Alcobaça having better results with all microorgan-
isms, except for E. faecalis. In the case of twigs extracts, the differences were not so visible
but extracts from Caparica twigs gave better results, exception made against S. epidermidis,
E. faecalis, and S. mitis.

For both leaves and twigs extracts, the extraction process (maceration versus hot
extraction), as well as the drying state of the raw material (dried versus fresh raw material),
and the use of dried versus spent raw material did not significantly affect the antimicrobial
activity, with extracts producing very similar inhibition zones against the microorganisms.
Regarding the obtention of antibacterial extracts, these are important findings, once it
supports the suggestion of using a more sustainable process (maceration at room tempera-
ture), with facilitated logistics due to not having the necessity of using fresh raw material.
Moreover, the results show the possibility of retrieving a broader range of products from
the same amount of raw material, since the previous extraction with petroleum ether to get
lipophilic compounds did not affect the antimicrobial activity of the extracts that were then
obtained with 70% aqueous acetone.

Considering the concentration of 10 mg/mL used in the antimicrobial assays for
comparison purposes, it can be observed that the leaves extracts obtained in this study
produced similar effects on the microorganisms to the ones shown by other extracts from
leaves of Acacia spp. reported in the literature with concentrations ranging from 5 mg/mL
to 200 mg/mL. Antimicrobial effects of leaves extracts expressed by inhibition zones
were already described against S. aureus with A. dealbata aqueous and ethanolic extract
(10.0–10.2 mm of inhibition, at 5 mg/mL) [29], with A. saligna (15 mm by an ethyl acetate
extract at 10 mg/mL [24], and 24.7 mm by an ethanolic extract at 200 mg/mL [26]), with
extracts of A. etbaica, A. laeta, and A. origena (7.3–21.0 mm at 500 mg/mL) [23], with A.
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pycnantha (10.2–21.0 mm at 500 mg/mL [23], and 9–12 mm by aqueous and ethanolic
extracts, no concentration reported [22]), and with A. rigidula and A. berlandieri acetonic,
methanolic, and acetic acid extracts (6–11.4 mm at 500 mg/mL); against MRSA with
A. saligna ethanolic extract (22.7 mm at 200 mg/mL) [26]; against S. epidermis (6–10 mm
by aqueous and ethanolic extracts, no concentration reported) [22]; against E. faecalis with
A. rigidula and A. berlandieri acetonic, methanolic, and acetic acid extracts (6–12.1 mm at
500 mg/mL); and against B. cereus with A. dealbata, A. melanoxylon, A. baileyana, and A.
nicholli aqueous, ethanolic, and methanolic extracts (6–19 mm at 10 mg/mL) [30], and with
A. saligna ethyl acetate extract (inhibition zone of 16 mm at 10 mg/mL) [24].

Concerning twigs in particular, just a few studies on antimicrobial effects involving
Acacia spp. were found in the literature, most of them involving A. nilotica twigs [31–34].
Antimicrobial activity of twigs extracts produced in this work was in a lower range than
the reported by Kumari et al. for A. nilotica twigs against S. aureus (10.8–40.2 mm), E. faecalis
(16.2–38.0 mm), and C. albicans (14.7–27.0 mm) [31]. However, these results were obtained
by applying 2 mg of extract/well [31], while in this work only 0.5 mg of extract/well was
applied, which can at least partially explain the differences observed. To the best of our
knowledge, no results of antimicrobial effects against MRSA, S. epidermidis, or B. cereus for
twigs extracts of other Acacia spp. have been reported in the literature.

It is known that Gram-negative bacteria are more resistant to plant extracts than
Gram-positive bacteria, due to the protection of the lipopolysaccharide layer in the outer
membrane [73]. Candida albicans was included in this study as a model to determine the
antifungal activity of the extracts. Despite being a common commensal yeast fungus of
the human oral, gastrointestinal, and genital mucosal surfaces and skin, under specific cir-
cumstances, such as perturbation of barrier integrity or host immune responses, C. albicans
causes opportunistic infections that range from superficial infections of the skin to life-
threatening systemic infections [76,77]. All tested samples revealed ineffective against
Gram-negative P. aeruginosa and E. coli, which was equally reported by El-Toumy et al. with
aqueous, methanolic, and ethyl acetate extracts of A. saligna leaves [24].The tested samples
were also ineffective against C. albicans yeast, as observed by Silva et al. with aqueous
and methanolic extracts of A. dealbata leaves [30], by Ramli et al. with ethanolic extract
of A. farnesiana leaves [16], or by Cock and van Vuuren with aqueous and methanolic
extracts of A. karroo leaves [17]. Antibacterial effects against Gram-negative E. coli bacte-
ria [22,25,26,29,30] and C. albicans yeast [24,26,30,31] were detected in leaves extracts of
Acacia spp., but, in some cases, using extract concentrations that were more than double [31]
or even twenty times higher [26] than the ones used in this work. In general, a positive cor-
relation was observed between the antimicrobial activity of extracts from leaves and twigs
of A.dealbata, and their total phenolic content, but this association should be confirmed by
additional quantitative studies.

3.6. Characterisation of the Non-Polar Components of the Extracts

To understand if the phenolic extracts also contained non-polar components with
antioxidant or antimicrobial activities that might influence the properties of the extracts, a
group of selected extracts were derivatized and fractionated to isolate these less polar com-
ponents and analysed by GC-TOFMS. A total of 32 compounds were tentatively identified
using the NIST mass spectra library matching (Supplementary Material, Table S6). Among
them, phytol, squalene, α-tocopherol, lupeol, and lupenone (lup-20(29)-en-3-one) (Figure 3)
are the most predominant, showing the highest peak areas. Phytol, squalene, lupeol,
lupenone, and α-tocopherol have been previously identified in A. dealbata leaves [36,66,78].
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Figure 3. Chemical structures of phytol, squalene, α-tocopherol, lupenone (lup-20(29)-en-3-one),
and lupeol.

Phytol is a diterpene known for its wide range of biological activities, such as antimi-
crobial, antioxidant, cytotoxic, anxiolytic, anticonvulsant, immunomodulatory, antinoci-
ceptive, and anti-inflammatory activities, besides its role in the induction of apoptosis and
protective autophagy and in the treatment of metabolic disorders [79]. Phytol is the most
abundant compound in the analyzed extracts, especially in the leaves fraction, with the
extracts obtained from dried leaves showing higher content than the one obtained from
fresh leaves (Figure 4).

Figure 4. Absolute peak areas of phytol in the analyzed extracts; TIC: Total Ion Current.

Figure 5 shows the absolute peak areas of squalene, α-tocopherol, lupenone, and
lupeol for the selected extracts.

Squalene is a triterpene with reported antioxidant, anti-inflammatory, and anti-
atherosclerotic properties [80], as well as presenting the potential for cosmetic derma-
tology applications due to its emollient and antioxidant properties, and for hydration and
its antitumor activities [81]. Squalene is more abundant in 70% ACE extracts than in 70%
ET or 70% MET ones, with the highest amounts being observed in the dried leaves extracts.

α-Tocopherol is the main form of vitamin E, which has antioxidant, anti-inflammatory,
and antitumor properties already described in the literature [82]. α-Tocopherol is not
present in the 70% ET and 70% MET extracts, being particularly abundant in the dried
leaves extracts.
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Figure 5. Absolute peak areas of squalene, α-tocopherol, lupenone (lup-20(29)-en-3-one), and lupeol
in the analyzed extracts; TIC: Total Ion Current.

Lupenone and lupeol are pentacyclic triterpenes showing a broad spectrum of biologi-
cal activities. For the former, its importance as a therapeutic and chemo preventive agent
for the treatment of inflammation, virus infection, diabetes, cancer, and Chagas disease
was already described in the literature [83]. For lupeol, antioxidant, antiprotozoal, anti-
inflammatory, antitumor, and antimicrobial activities were previously reported, in addition
to its cardio- and hepatoprotective effects and as a cancer chemo preventive agent [84].
Both compounds are more abundant in leaves extracts than in twigs extracts. These results
show the ability of acetone to extract both polar and non-polar compounds, which occurred
to a lesser extent when using aqueous ethanol or methanol, given the higher polarity of
these solvents. The use of dry material favored the extraction of this non-polar fraction as
well. The previous extraction of the raw material with petroleum ether naturally decreased
the amount of these non-polar compounds in the extract obtained from spent material. The
presence of these bioactive compounds in a higher amount in the leaves extracts does not
agree with the highest antioxidant and antimicrobial effects observed in the twig’s extracts,
which suggests that these effects are predominantly due to the action of the more polar
compounds present in the extracts. In fact, it was observed a strong positive correlation
between TPC and antioxidant activity.

4. Conclusions

This investigation demonstrated the possibility of producing extracts rich in pheno-
lic compounds with antioxidant and antimicrobial properties using leaves and twigs of
Portuguese A. dealbata by a simple maceration process at room temperature. The highest
values of extraction yield, TPC, TFC, and TPrAC as well as antioxidant activity measured
by the DPPH and FRAP assays were obtained with 70% ACE using leaves and twigs from
Alcobaça. The drying status of the raw material also affected some characteristics of the
extracts, improving extraction yield, TFC, and TPrAC for dried leaves and twigs.

As a rule, better results were observed in extracts from the twigs than in the corre-
sponding extracts from the leaves, except for extraction yield. This observation shows the
possibility of using the entire fraction of the branches, where the leaves represent by far the
highest weight fraction, without the necessity of separating the twigs from the leaves once
they add quality to the produced extracts.

Moreover, this work showed the possibility of obtaining a wider range of products
from the same amount of raw material via sequential extraction with petroleum ether to
remove lipophilic compounds followed by the best extraction solvent to remove phenolic
compounds, all without significantly decreasing the quality of the extract.

Significant and strong correlations between TPC and TPrAC and antioxidant activity
by DPPH and FRAP assays shows that those phenolic components are the main responsible
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for the antioxidant and antimicrobial properties of the extracts. Nevertheless, bioactive
lipophilic components, such as phytol, squalene, α-tocopherol, lupenone, and lupeol were
also detected, especially in the extracts of leaves. Therefore, this work demonstrates the
possibility of obtaining high-value extracts with antioxidant and antimicrobial properties
from fractions of A. dealbata biomass that can be collected regularly to reduce widespread
dissemination of this species.
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//www.mdpi.com/article/10.3390/pr10112429/s1, Table S1: TPC (mg GAE/g of biomass, wet
basis), TFC (mg CatE/g of biomass, wet basis), and antioxidant activity by DPPH (mg TE/g of
biomass) and FRAP (mmol Fe2+/g of biomass) of extracts from fresh and dried leaves and twigs
from Alcobaça and Caparica, using different extraction solvents and extraction methods; Table S2:
Extraction yield, TPC and DPPH values for different times of maceration at room temperature, of
plants collected in Caparica using 70% ACE as extraction solvent; Table S3: TFC (mg RE/g extract,
wet basis) of extracts from fresh and dried leaves and twigs from Alcobaça and Caparica, using
different extraction solvents and extraction methods; Table S4: TFC (mg RutE/g of raw material,
wet basis) of extracts from fresh and dried leaves and twigs from Alcobaça and Caparica, using
different extraction solvents and extraction methods; Table S5: Average values of extraction yield (%,
wet basis), TPC (mg GAE/g extract), TFC (mg CatE/g extract) and TPrAC (mg PycE/g extract) for
extracts obtained by maceration and hot extraction (regardless drying status and origin), from fresh
and dried material (regardless extraction method and origin), and from plants from Alcobaça and
Caparica (regardless extraction process and drying status); Table S6: Chromatographic peak areas
of non-polar components co-extracted with phenolic compounds for a group of selected extracts
obtained by maceration at room temperature; Figure S1: Chromatographic profile of the non-polar
fraction of the extract obtained with 70% acetone by maceration of dried Acacia leaves collected in
Alcobaça region. Part 1—Low retention time components; Figure S2: Chromatographic profile of the
non-polar fraction of the extract obtained with 70% acetone by maceration of dried Acacia leaves
collected in Alcobaça region. Part 2—High retention time components; Figure S3: Chromatographic
profile of the non-polar fraction of the extract obtained with 70% methanol by maceration of dried
Acacia twigs collected in Alcobaça region. Part 1—Low retention time components.
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Abstract: Bioethanol produced from lignocellulose is a renewable energy substitute for traditional
fossil fuels. Poplar wood as forest waste is popular in bioethanol production. Nonetheless, the com-
plex structure of lignocellulose leads to low reducing sugar and ethanol yields. Thus, lignocellulose
pretreatment is necessary to promote enzymatic hydrolysis. Deep eutectic solvents (DESs) have
good dissolution capacity, low vapor pressure, a simple synthesis procedure, low synthesis cost and
low toxicity. More and more researchers have begun paying attention to the application of DESs
in lignocellulose pretreatment. In this work, poplar wood was pretreated using a series of basic
DESs based on diol. The effects of the DES species, the basicity of the solvents, the pretreatment
temperature and the pretreatment time on the effectiveness of pretreatment and enzyme hydrolysis
for poplar wood were investigated, and characterization analysis (Fourier transform infrared spec-
troscopy, X-ray diffraction and scanning electron microscopy) of poplar wood was carried out to
reveal the pretreatment mechanism. The best pretreatment effect was obtained from K: 1, 2-PG, which
removed 89.2% and 71.6% of the lignin and hemicellulose, respectively, while preserving 97.5% of the
cellulose at 130 ◦C for 7 h. This enhanced the reducing sugar yield to 82.5% relative to that of the
raw sample (3.3%) after 72 h of hydrolysis. The results of the characterization analysis demonstrated
that lignin and hemicellulose were removed. Therefore, the DES based on K: 1, 2-PG is a promising
solvent for poplar wood pretreatment, and could improve the industrial production of reducing
sugar and bioethanol.

Keywords: deep eutectic solvents; diol; poplar wood; pretreatment; enzymatic hydrolysis

1. Introduction

Bioethanol, a source of renewable energy, can replace traditional fossil fuels and,
thus, resolve two energy problems. The main sources of lignocellulosic biomass include
agricultural and forestry wastes. In particular, a huge amount of forest waste originates
from deforestation, timber processing and forest pruning, i.e., about 400 million tons of
standard coal annually in China [1]. Nevertheless, the complex structure of lignocellulose
hinders the transformation of cellulose into bioethanol. Lignocellulosic biomass contains
lignin, hemicellulose and cellulose. Hemicelluloses adhere to the surface of cellulose
through van der Waals forces and hydrogen bonds, and connect lignin through ether bonds
and glycoside bonds to form a stable network structure [2]. Therefore, it is necessary to
pretreat lignocellulosic biomass by removing lignin and hemicellulose in order to improve
the reducing sugar and ethanol yields.

Many common traditional pretreatment methods, such as dilute acid, dilute alkali,
organic solvent and biological methods [3–7], have one or several disadvantages, including
high energy consumption, high toxicity, harsh conditions, corrosion equipment or a long
pretreatment time. Therefore, the majority of scientific research workers have begun to look
at green solvent ionic liquids (ILs). ILs have the characteristics of high thermal stability,
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low steam pressure, non-flammability and non-volatilization [8], making them suitable for
lignocellulose pretreatment. Nonetheless, the greenness of ILs has been questioned and
the industrial application of IL pretreatment technology has been hindered because they
possess several drawbacks, such as high synthetic cost, complex synthetic steps and high
toxicity in ILs.

Recently, the application of deep eutectic solvents (DESs) in lignocellulosic biomass
pretreatment has attracted extensive attention. DESs usually consist of two or more hydro-
gen bond donors (HBDs) and hydrogen bond acceptors (HBAs). Otherwise, the melting
points of DESs are lower than those of individual components. The most important point
is that DESs have a few similar properties to ILs and possess merits such as a low cost of
synthesis, a simple synthesis procedure, low toxicity and good biocompatibility, which
compensate for the shortcomings of ILs. Lee et al. [9] used choline chloride: glycerol,
choline chloride: lactic acid and choline chloride: urea to pretreat oil palm empty fruit
bundles under ultrasound with 210 W at 50 ◦C for 15 min. As a result, reducing sugar
yields of 35.3%, 36.7% and 35.8%, respectively, were obtained after the pretreated residues
were enzymatically hydrolyzed for 72 h. Sai et al. [10] used chloride: lactic acid (molar ratio
was 1:10) to pretreat empty fruit bunches at 100 ◦C for 1 h. After residue hydrolysis for 48
h, 51.1% of the reducing sugar yield was obtained. Li et al. [11] compared the pretreatment
capacity of choline chloride: lactic acid and choline chloride: glycine. The research results
showed that choline chloride: lactic acid removed 90.4% of the lignin, but choline chloride:
glycine only removed 58.4% of the lignin during poplar wood pretreatment at suitable
pretreatment conditions (temperature: 120 ◦C, time: 12 h). Wu et al. [12] reported that
the continuous pretreatment of 0.75% (w/w) NaOH and choline chloride: lactic acid for
sorghum straw exhibited high pretreatment efficiency. Firstly, 0.75% (w/w) NaOH pre-
treated sorghum straw at 121 ◦C for 1 h. Then, choline chloride: lactic acid was used to
pretreat sorghum straw at 140 ◦C for 40 min. As a result, 78.4% lignin and 67.6% hemicellu-
lose were removed, respectively. After the enzymatic hydrolysis of pretreated residue for
72 h, 94.9% of the reducing sugar yield was obtained. However, several problems, such
as the larger proportions of cellulose loss and low reducing sugar yield, have yet to be
resolved in the current DES pretreatment method. Our research group [13,14] has reported
that basic DESs have the capacity to selectively remove the lignin and hemicellulose while
retaining the majority of the cellulose in wheat straw. Otherwise, the basic DESs pretreat-
ment method is less studied; in addition, the studies are not extensive and the pretreatment
mechanism lacks depth, so it is necessary to conduct systematic research on basic DES
pretreatment.

In this paper, a series of basic DESs based on diol (i.e., sodium hydroxide: ethylene,
sodium hydroxide: polyethylene glycol-200, potassium hydroxide: polyethylene glycol-300,
lithium hydroxide: polyethylene glycol-400, sodium hydroxide: polyethylene glycol-600,
sodium hydroxide: 1,4-butyl glycol and potassium hydroxide: 1,2-propylene glycol) were
screened to pretreat poplar wood. The effects of the DES species, the basicity of the solvents,
the pretreatment temperature (i.e., 70 ◦C, 90 ◦C, 110 ◦C, 130 ◦C, 150 ◦C) and the pretreatment
time (i.e., 7 h, 9 h, 11 h, 13 h, 15 h, 17 h) on the composition and reducing sugar yield of
poplar wood were investigated. Moreover, the crystal structure, surface morphology and
chemical structure of poplar biomass were also analyzed via Fourier transform infrared
spectroscopy (FT-IR), X-ray diffraction (XRD) and scanning electron microscopy (SEM) to
clarify the mechanism of basic DESs based on diol pretreating poplar wood.

2. Materials and Methods

2.1. Materials

Sodium hydroxide, potassium hydroxide (purity: 95%), ethylene glycol, lithium
hydroxide (purity: 98%), 1,2-propanediol, 1,4-butanediol (purity: 99%), polyethylene
glycol-600, polyethylene glycol-400, polyethylene glycol-300, polyethylene: glycol-200
and cellulase (enzymatic activity: 10,000 U·g−1, C805042) were utilized. All of the afore-
mentioned reagents were purchased from Maclean. Poplar wood was obtained from
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Shijiazhuang Farm. The poplar wood was milled using a pulverizer and then screened to
the desirable particles with a 50–80 mesh. After Soxhlet extraction was performed using
ethanol and water for 24 h, the poplar wood particles was airdried and stored at 4 ◦C.

2.2. Preparation of DESs

The HBAs and HBDs were mixed with a specific molar ratio. Subsequently, the
mixture was magnetically stirred at 80 ◦C until transparent and homogeneous solutions
formed [15,16]. Table 1 lists the compositions of prepared DESs and the molar ratios of
HBA to HBD in DESs.

Table 1. The preparation of DESs.

HBA HBD Molar Ratio (HBA:HBD) Abbreviation

Sodium hydroxide Ethylene glycol 1:4 Na: EG
Sodium hydroxide Polyethylene glycol-200 1:2 Na: PEG-200

Potassium hydroxide Polyethylene glycol-300 1:4 K: PEG-300
Lithium hydroxide Polyethylene glycol-400 1:10 Li: PEG-400
Sodium hydroxide Polyethylene glycol-600 1:4 Na: PEG-600
Sodium hydroxide 1,4-Butyl glycol 1:5 Na: 1,4-BDO

Potassium hydroxide 1,2-Propylene glycol 1:2 K: 1,2-PG

2.3. Pretreatment Process

Firstly, a 50–80 mesh of poplar wood was mixed with DESs at 1:20 (w/w), then stirred
magnetically at a certain temperature for a set length of time. Next, the pretreatment liquid
was diluted using hot water, then centrifuged (3000 r·s−1) and filtered to separate the
solid from the liquid. When the separation step was completed, the solid was washed
further using deionized water. Centrifuging and washing were repeated until the scrubbing
solution was neutral. In the end, the solid residue was freeze-dried for 72 h, then weighed
and stored at 25 ◦C.

2.4. Enzymatic Hydrolysis

Firstly, the dipotassium hydrogen phosphate–citrate buffer solution was adjusted to
pH = 4.8. Then, a mixture of 52.5 mL of ready-prepared buffer solution, 7.5 mL of cellulase
solution and 0.4 g of the poplar wood sample was shaken in 72 h at 120 r/min and 45 ◦C.
Additionally, 0.6 mL of hydrolysate was withdrawn at regular intervals, and the enzymatic
hydrolysis reaction was terminated in a boiling water bath. According to the DNS method,
the reducing sugar concentration was determined using the standard curve for reducing
sugar (y = 1.68x − 0.075, R2 = 0.9998). The reducing sugar yield was calculated based on
the reducing sugar concentration [17].

2.5. Components Analysis
2.5.1. Determination of Lignin Content

Firstly, the 72% (w/w) sulfuric acid (10 mL) hydrolyzed a 0.3 g poplar wood sample for
1.5 h. Afterwards, the filtration of the suspension liquid was carried out to obtain liquids
and solids (hydrolysis residue). The deionized water was used to wash the solid until the
scrubbing solution was neutral. After filtering, the solid containing acid-insoluble lignin
and ash was dried and calcined to determine the acid-insoluble lignin content [18]. The
absorbance of the liquid was measured at 205 nm to determine the acid-soluble lignin
content. The total lignin content in the poplar wood sample consisted of the acid-soluble
lignin content and the acid-insoluble lignin content. According to Equation (1), the lignin
removal was calculated.

Rl = [1 − (R × wrl)/wl ] (1)

Rl—lignin removal (%), R—residue recovery (%), wrl—lignin content of pretreated
poplar wood (%) and wl—lignin content of untreated poplar wood (%).
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2.5.2. Determination of Cellulose and Hemicellulose Content

First, 5 mL of 4 mg·mL−1 KOH solution (containing 1 mg·mL−1 NaBH4) was used to
treat 0.1 g of the poplar wood sample for 1 h in a water bath shaker at 25 ◦C. Next, 10 mL
of deionized water and an equal volume of 4 mg·mL−1 KOH solution were added to the
treatment liquid for washing and diluting. The supernatant and the absorbances were
measured at 660 nm (xylose) and 620 nm (glucose), respectively. Then, the concentrations
of xylose and glucose were calculated based on the absorbances and the standard curves of
xylose (y = 300.97x − 0.016, R2 = 0.9994) and glucose (y = 102.75x + 0.0075, R2 = 0.9992) [19].

Afterwards, the 72% (w/w) sulfuric acid (4 mL) treated the residue, which was ob-
tained from the above alkali treatment process, in a water bath shaker at 25 ◦C for 1 h.
Then, the treatment liquid was filled to 30 mL by adding deionized water. The absorbances
of the supernatant were also measured in order to calculate the concentrations of xylose
and glucose, as described above.

Lastly, the cellulose content of the poplar wood sample was calculated according to
the dehydration coefficient of glucose (0.90) and the glucose concentration obtained from
the acid treatment process. The hemicellulose content in the poplar wood sample was
determined according to the dehydration coefficient of glucose (0.90) and xylose (0.88),
while the glucose and xylose concentrations were determined during the base treatment
process and the xylose concentration was determined during the acid treatment process.
According to Equations (2) and (3), the hemicellulose removal and cellulose reservation
were calculated, respectively.

Rh = [1 − (R × wrh)/wh] (2)

Rh—hemicellulose removal (%), R—residue recovery (%), wrh —hemicellulose content
in poplar wood residue (%) and wh —hemicellulose content in untreated poplar wood (%).

Rc = [1 − (R × wrc)/wc] (3)

Rc—cellulose reservation (%), R—residue recovery (%), wrc—cellulose content in
pretreated poplar wood (%) and wc —lignin content in untreated poplar wood (%).

2.6. SEM Analysis

The crushed poplar wood sample was evenly dispersed on a disc coating with the
conductive glue, and then spray-gold treatment was performed. Afterwards, the surface
morphology of poplar wood samples before and after pretreatment by DESs was observed
using a JSM-IT100 (A) type SEM [20].

2.7. FT-IR Analysis

Firstly, the mixture of the poplar wood sample and potassium bromide, with a mass
ratio of 100:1, was pressed into a tablet. Then, a Vertex 80 V spectrometer was used to scan
the tablet for 32 s (resolution: 2 cm−1) in order to carry out the chemical structural analysis
of the poplar wood sample. The wavenumber ranged from 4000 cm−1 to 400 cm−1 [21].

2.8. XRD Analysis

The poplar wood sample was scanned from 10◦ to 50◦ at a rate of 5◦/min, using a
Bruker D8 Advanced diffractometer to analyze the crystallinity in the poplar wood. The
intensity of the spectrum peaks was used to calculate the crystallinity index, as shown in
Equation (4) [21].

CrI =
I002 − Iam

I002
× 100 (4)

CrI—crystallinity index, I002—peak intensity of crystalline region (2θ = 22.5◦) and
Iam—peak intensity of amorphous region (2θ = 18◦).
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3. Results and Analysis

3.1. Effect of DES Type on Pretreatment of Poplar Wood

Figure 1 shows the results of different DESs pretreating poplar wood at 90 ◦C for 11 h.
As depicted in Figure 1, the pretreatment effects of diol monomer-based DESs were better
than those of PEG-based DESs. The lignin and hemicellulose removal of Na: EG, Na: 1,4-
BDO and K: 1,2-PG (diol monomer based DESs) pretreated residues ranged from 56.6% to
76.4% and from 54.1% to 69.5%, respectively, while Na: PEG-200, K: PEG-300, Li: PEG-400
and Na: PEG-600 (PEG based DESs) only removed 37.6–56.2% of the lignin and 24.3–60.9%
of the hemicellulose. It is worth noting that K: 1,2-PG exhibited the best pretreatment
capacity for poplar wood; for example, 76.4% lignin and 69.5% hemicellulose were removed,
but 97.3% cellulose was preserved during K: 1,2-PG pretreatment of poplar wood.

 
Figure 1. Effect of DES type on pretreatment of poplar wood (pretreatment conditions: 90 ◦C, 11 h).

The pH values of different DESs were measured as depicted in Figure 2. From Figure 2,
we can observe a phenomenon: the pH values of the seven DESs were all greater than 11,
which suggests that all of the DESs were basic solvents. In particular, K: 1,2-PG had the
strongest basicity among these DESs, with the highest pH value being 13.3. Our previous
studies [13,22] have proven that basic solvents can dissolve lignin and hemicellulose, but
little cellulose. This explains the phenomenon by which a larger amount of lignin and
hemicellulose than cellulose was removed by K: 1,2-PG.
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Figure 2. pH values of different DESs (the pH values were obtained by measuring 0.1 mol·L−1 DES
aqueous solutions).

In addition, the pH values of DESs influence the pretreatment effects. Figure 3 il-
lustrates the relationship between the pH values of DESs and the results of lignin or
hemicellulose removal. As shown in Figure 3, the higher the pH values of DESs, the greater
the amount of lignin and hemicellulose that is removed. Therefore, K: 1,2-PG can remove
more lignin and hemicellulose than other DESs, which can be explained by our previous
study, in which the lignin–carbohydrate complex and deacetylation of hemicellulose were
destroyed by removing the carbonyl group in hemicellulose and cutting off the ester bond
between lignin and hemicellulose during basic DES pretreatment [13].

  

R2 R2

Figure 3. The relationship of lignin removal (a) and hemicellulose removal (b) with the pH values of
different DESs.
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Figure 4 shows the influence of DES species on the initial saccharification rate and the
reducing sugar yield during the enzyme-catalyzed hydrolysis of poplar wood. According
to Figure 4a, the initial saccharification rates of Na: EG-, Na: PEG-200-, K: PEG-300-, Li:
PEG-400- and Na: PEG-600-pretreated residues were similar to that of untreated poplar
wood (2.7–3.6 mg·mL−1·h−1 vs. 2.6 mg·mL−1·h−1) during enzymatic hydrolysis. However,
the Na: 1,4-BDO and K: 1,2-PG pretreatment process for poplar wood can significantly
increase the initial saccharification rate, i.e., 5.7 mg·mL−1·h−1 and 7.5 mg·mL−1·h−1. In
particular, the initial saccharification rate of K: 1,2-PG-pretreated residues was its maximum,
which is in agreement with the results obtained from pretreatment in Figure 1.

 

 

Figure 4. Effect of DES types on enzymatic hydrolysis: (a) initial saccharification rate; (b) reducing
sugar yield.
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As observed from Figure 4b, except for Na: EG, the other two diol-based DESs more
effectively promoted the production of reducing sugar than PEG-based DESs did. For
instance, compared with untreated poplar wood, the reducing sugar yield of Na: PEG-
200-, K: PEG-300-, Li: PEG-400- and Na: PEG-600-pretreated residues did not increase
significantly (3.3% vs. 7.8–39.6%), while the reducing sugar yields of Na: 1,4-BDO- and
K: 1,2-PG-pretreated residues after hydrolysis for 72 h were 15.3 and 19.9 times higher,
respectively, than that of untreated poplar wood (i.e., 3.3% vs. 50.5% and 65.6%). This
is because the removal of both lignin and hemicellulose has a positive relationship with
the reducing sugar yield, as shown in Figure 5. The more lignin and hemicellulose was
removed, the higher the obtained reducing sugar yield was, indicating that the removal
of lignin and hemicellulose is beneficial to enzyme hydrolysis. From Figures 1 and 4,
the pretreatment and hydrolysis results of K: 1,2-PG-pretreated residue were the best of
the seven DES-pretreated residues. The lignin and hemicellulose removal reached 76.4%
and 69.5%, respectively. About 65.6% of reducing sugar was produced during hydrolysis
for 72 h. As a consequence, K: 1,2-PG was determined to be the most effective solvent
promoting enzymatic hydrolysis among these seven DESs.

  

R2 R2

Figure 5. The relationship of reducing sugar yield (72 h) with lignin removal (a) or hemicellulose
removal (b).

3.2. Influence of Pretreatment Temperature on Pretreatment of Poplar Wood

Figure 6 illustrates the effect of the pretreatment temperature on the pretreatment of
poplar wood. It can be observed from Figure 6 that, as the temperature increased, the lignin
and hemicellulose removal gradually increased from 48.1% to 97.4% and from 48.3% to
91.2%, respectively. This indicates that a high pretreatment temperature contributes to the
removal of lignin and hemicellulose. The reason may be that the viscosity of K: 1,2-PG
decreases with increasing temperature, and the lower the viscosity, the more diffusible
the solute is in the solvent, increasing the contact opportunities between poplar wood
and K: 1,2-PG. In addition, there was no obvious change in the lignin removal when the
pretreatment temperature was elevated from 130 ◦C to 170 ◦C (e.g., 91.1–97.4%). However,
cellulose preservation gradually decreased with the increase in the pretreatment tempera-
ture. Notably, there was a significant decrease in cellulose preservation from 93.8% to 39.2%
when the pretreatment temperature increased from 130 ◦C to 170 ◦C, which indicates that
an excessive pretreatment temperature causes the degradation of cellulose, resulting in a
significant loss of cellulose. Therefore, the balance between the lignin and hemicellulose
removal and the cellulose loss should be considered comprehensively. From the perspective
of the pretreatment effect, 130 ◦C can be selected as the suitable pretreatment temperature.
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Figure 6. Influence of pretreatment temperature on pretreatment of poplar wood.

Figure 7 exhibits the influence of pretreatment temperature on the hydrolysis results.
As shown in Figure 7, the reducing sugar yields and initial saccharification rates of residues
obtained from pretreatment at different temperatures all increased in comparison with
untreated poplar wood. With the increase in the pretreatment temperature, the reducing
sugar yield and initial saccharification rate after hydrolysis for 72 h first gradually increased
and then gradually decreased. When the pretreatment temperature was elevated from
70 ◦C to 130 ◦C, the reducing sugar yield (hydrolysis for 72 h) and initial saccharification
rate increased from 34.1% to 82.6% and from 3.2 mg·mL−1·h−1 to 11.7 mg·mL−1·h−1,
respectively. Nonetheless, when the pretreatment temperature increased from 130 ◦C to
170 ◦C, the reducing sugar yield and initial saccharification rate began to decrease gradually
from 82.6% to 81.6% and from 11.7 mg·mL−1·h−1 to 4.9 mg·mL−1·h−1, respectively. This is
because degradation products such as organic acids, furfural and phenolic compounds,
which were produced during the pretreatment of poplar wood at an excessive pretreatment
temperature, may inhibit the cellulase activity, resulting in a low reducing sugar yield and
initial saccharification rate.

Consequentially, 130 ◦C was chosen as the best pretreatment temperature for further
investigation. As a result, 91.1% of lignin and 77.1% of hemicellulose were removed, and
93.8% of cellulose was preserved during the pretreatment of poplar wood using K: 1,2-PG at
130 ◦C for 11 h. The reducing sugar yield reached 82.6% after 72 h of enzymatic hydrolysis.
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Figure 7. Influence of pretreatment temperature on enzymatic hydrolysis: (a) initial saccharification
rate; (b) reducing sugar yield.

3.3. Influence of Pretreatment Time on Pretreatment of Poplar Wood

Figure 8 depicted the influence of pretreatment time on the residue recovery, lignin
removal, hemicellulose removal and cellulose preservation of poplar wood. Figure 8 shows
that the residue recovery and cellulose reservation slowly decreased from 50.6% to 46.3%
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and from 97.5% to 92.7% with the increase in pretreatment time, respectively, while when
the operation time increased, the lignin removal slowly increased from 89.2% to 93.9%
and the hemicellulose removal increased from 71.6% to 77.1%. These results indicate that
pretreatment time has little effect on poplar wood.

 
Figure 8. Influence of pretreatment time on the pretreatment of poplar wood.

Figure 9 shows the influence of pretreatment time on the hydrolysis efficiency of
poplar wood. As observed from Figure 9, both the reducing sugar yield (72 h) and ini-
tial saccharification rate of poplar wood residue for enzymatic hydrolysis were higher
than those of untreated poplar wood (82.5~87.3% vs. 3.3% and 10.2–13.2 mg·mL−1·h−1

vs. 2.6 mg·mL−1·h−1). These phenomena demonstrate that the removal of lignin and
hemicellulose promoted the hydrolysis of poplar wood. Furthermore, the reducing sugar
yield (72 h) and initial saccharification rate slowly increased from 82.5% to 87.3% and
from 10.2 mg·mL−1·h−1 to 13.2 mg·mL−1·h−1 as the pretreatment time increased from 7 h
to 17 h. The lower hydrolysis results indicate that enzymatic hydrolysis efficiency is not
sensitive to pretreatment time.

Therefore, 7 h was chosen as the best pretreatment time. The lignin and hemicellulose
removal rates were 89.2% and 71.6%, and the cellulose preservation rate was 97.5% when
the poplar wood was pretreated with K: 1,2-PG at 130 ◦C for 7 h. While the pretreated
poplar wood was hydrolyzed by enzymes for 72 h, the reducing sugar yield reached 82.5%.
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Figure 9. Influence of pretreatment time on enzymatic hydrolysis: (a) initial saccharification rate;
(b) reducing sugar yield.

3.4. Comparison of Different Pretreatment Methods

Figure 10 compares the different methods of poplar wood pretreatment. The pretreat-
ment efficiency of K: 1,2-PG was superior to that of choline chloride: guaiacol: aluminum
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chloride (molar ratio 25: 50:1, C:G:A) [23], choline chloride:lactic acid (molar ratio 1:8,
C:L) [24] and 1-ethyl-3-methyl-imidazolium acetate ([C2mim][OAc]) [25]. For example,
K: 1,2-PG removed the greatest amount of lignin and the lowest amount of cellulose of
the four pretreatment solvents (89.2% vs. 58.0–88.0% and 97.5% vs. 87.5–94.1%). More
significantly, the reducing sugar yield of poplar wood pretreated with K: 1,2-PG exhibited
values higher than or similar to those of poplar wood pretreated with the other two DESs,
or [C2mim][OAc], after enzymatic hydrolysis for 72 h (82.5% vs. 32.6–88.2%).

 

Figure 10. Comparison of different methods of poplar wood pretreatment.

3.5. Structural Characterization of Poplar Wood
3.5.1. XRD

Figure 11 shows the XRD pattern of poplar wood samples before and after pretreat-
ment. From Figure 11, we can observe that the change in the cellulose crystal structure
(CrI value) of poplar wood before and after pretreatment with K: 1,2-PG was investigated.
The CrI value of K: 1,2-PG-pretreated poplar wood was significantly higher than that of
untreated poplar wood (e.g., 57.1 vs. 48.3). This indicates that the crystallinity of pretreated
poplar wood significantly increased compared with untreated poplar wood. The increased
crystallinity was due to K: 1,2-PG, which has a stronger capacity to remove amorphous
structures, i.e., lignin and hemicellulose, than that of structurally ordered cellulose. For
example, 89.2% of lignin and 71.6% of hemicellulose were removed, while only 2.5% of
cellulose was lost during the pretreatment process with K: 1,2-PG at 130 ◦C for 7 h.
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 θ  

Figure 11. XRD pattern of poplar wood samples before and after K: 1,2-PG pretreatment (pretreatment
conditions: 130 ◦C, 7 h).

3.5.2. FT-IR

Figure 12 depicts the FT-IR spectra of the poplar wood sample before and after K:
1,2-PG pretreatment. As shown in Figure 12, the peaks of K: 1,2-PG-pretreated poplar wood
at 1737 cm−1, 1602 cm−1, 1510 cm−1 and 1245 cm−1 almost disappeared compared with
untreated poplar wood. The peak at 1737 cm−1 represents the C=O stretching vibration
peak in the carbonyl or ester groups. The disappearance of this peak demonstrates that K:
1,2-PG removed the carbonyl group in hemicellulose and cut off the ester bond between
lignin and hemicellulose. The peaks at 1602 cm−1, 1510 cm−1 and 1245 cm−1 represent the
aromatic ring skeleton vibration peaks of lignin. The near-disappearance of these peaks
illustrates that K: 1,2-PG destroyed the aromatic ring structure of lignin [26–29]. The results
obtained from the FT-IR spectra, which were in accordance with the results of pretreatment,
confirmed the removal of lignin and hemicellulose.

 

θ  

Figure 12. FT-IR spectra of poplar wood samples before and after K: 1,2-PG pretreatment:
(a) 1737 cm−1, (b) 1602 cm−1, (c) 1510 cm−1 and (d) 1245 cm−1.
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3.5.3. SEM

Figure 13 illustrates the surface morphology of poplar wood before and after K:
1,2-PG pretreatment. As observed from Figure 13a,b, the intact surface of the untreated
poplar wood was displayed, and as a result, it was difficult to see the internal cellulose
structure. Figure 13c,d show that many pore structures appeared on the surface of K: 1,2-PG-
pretreated residue, and a large number of fiber bundles were distributed in a disorganized
manner, which greatly improved the contact area between the enzyme and the cellulose.
The broken structure was caused by the removal of lignin and hemicellulose. Hence, the
variations in the surface morphology between the untreated and pretreated poplar wood
confirm that the removal of lignin and hemicellulose resulted from K: 1,2-PG pretreatment
of poplar wood.

  

  

Figure 13. Surface morphology of poplar wood before and after K: 1,2-PG pretreatment: (a) untreated
poplar wood × 37, (b) untreated poplar wood × 400, (c) K: 1,2-PG-pretreated poplar wood × 37 and
(d) K: 1,2-PG-pretreated poplar wood × 400.

4. Conclusions

Seven basic DESs based on diol were screened for their ability to improve enzymatic
hydrolysis in poplar wood pretreatment. Among these DESs, the pretreatment effects of diol
monomer-based DESs were better than those of PEG-based DESs. The best pretreatment
and hydrolysis results were obtained using a K: 1,2-PG pretreatment process (pretreatment
conditions: 130 ◦C, 7 h), which furthered the enzymatic hydrolysis process (hydrolysis
time: 72 h). As a result, the higher the pH of the DES, the greater the amounts of lignin
and hemicellulose that were removed. For instance, the lignin and hemicellulose removal
rates were 89.2% and 71.6%, the cellulose preservation rate was 97.5% and the reducing
sugar yield reached 82.5%. Otherwise, the results of the FT-IR, XRD and SEM analyses
all confirmed the removal of lignin and hemicellulose and revealed the pretreatment
mechanism by which K: 1,2-PG removes lignin and hemicellulose by cutting the ester bond
between lignin and hemicellulose, breaking the carbonyl group of hemicellulose and the
aromatic ring structure of lignin. Thus, the establishment of this new pretreatment system
will promote enzymatic hydrolysis in poplar wood.
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