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Preface

Biomass and waste conversion and the valorization of resulting chemicals, energies, and fuels are

important areas of research and development. In general, biomass and bio-waste are underutilized

and, in some cases, even neglected. However, they have the potential to replace depleting fossil

resources as alternative, sustainable feedstocks, which aligns with the circular bioeconomy concept.

By utilizing biomass, our reliance on non-renewable resources will be decreased, and some of the

severe environmental issues caused by the careless exploitation of fossil fuels will be avoided.

Furthermore, valorizing waste involves converting potential pollutants into valuable products, thus

lessening the environmental impact of waste disposal.

Biomass and wastes are a rich storehouse of various high-value compounds and secondary

metabolites that can be transformed into bioproducts, biofuels, and various platform chemicals

by applying different innovative advanced techniques. Hence, effective waste management

and conversion are scientific endeavors of major importance and are crucial in reducing our

environmental impact. The use of biomass, with its potential to significantly decrease our carbon

footprint, is a key part of this effort. Since biomass absorbs CO2 during its growth, it can offset the

CO2 released during its conversion to energy-related compounds and/or bioactives. This could lead

to a lower net carbon footprint compared to fossil fuels. Furthermore, effective waste management

and conversion are crucial in reducing landfill usage, lowering methane emissions, and minimizing

soil and water pollution.

Minimizing carbon footprint and greenhouse gas emissions by extracting the maximum value

from materials before recovery and regeneration address environmental concerns, supports economic

growth, enhances energy security, and promotes technological advances. This approach is based on

the “cradle to cradle” concept and contributes significantly to the circular bio-economy.

In view of the foregoing, we were privileged to compile this Special Issue, titled Biomass and

Waste Conversion and Valorization to Chemicals, Energy and Fuels, comprising 10 papers (8 research

articles and 2 reviews).

This Special Issue is a result of the consorted efforts of scientists with extensive expertise in

biomass conversion and valorization. It has been an honor for the Guest Editors to work with them,

and they thank each and every one of the authors, experts from all around the world, for their

outstanding contributions.

José A.P. Coelho and Roumiana P. Stateva

Editors
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A Network of Processes for Biorefining Burdock Seeds and
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Abstract: In this work, a novel sustainable approach was proposed for the integral valorisation of
Arctium lappa (burdock) seeds and roots. Firstly, a preliminary recovery of bioactive compounds,
including unsaturated fatty acids, was performed. Then, simple sugars (i.e., fructose and sucrose)
and phenolic compounds were extracted by using compressed fluids (supercritical CO2 and propane).
Consequently, a complete characterisation of raw biomass and extraction residues was carried out
to determine the starting chemical composition in terms of residual lipids, proteins, hemicellulose,
cellulose, lignin, and ash content. Subsequently, three alternative ways to utilise extraction residues
were proposed and successfully tested: (i) enzymatic hydrolysis operated by Cellulases (Thricoderma
resei) of raw and residual biomass to glucose, (ii) direct ethanolysis to produce ethyl levulinate;
and (iii) pyrolysis to obtain biochar to be used as supports for the synthesis of sulfonated magnetic
iron-carbon catalysts (Fe-SMCC) to be applied in the dehydration of fructose for the synthesis of
5-hydroxymethylfurfural (5-HMF). The development of these advanced approaches enabled the full
utilisation of this resource through the production of fine chemicals and value-added compounds in
line with the principles of the circular economy.

Keywords: Arctium lappa; burdock seeds; burdock roots; biomass valorization; enzymatic hydrolysis;
ethyl levulinate; 5-hydroxymethylfurfural; circular economy

1. Introduction

Arctium lappa, also known as burdock, is a perennial edible plant belonging to the
family Asteraceae. It was originally cultivated in Asia and Europe for its pharmaceutical
and therapeutic properties [1–3] and was also used as a nutritious food. Nowadays, it
has become an invasive weed on soils characterised by high nitrogen content, mainly
in North American countries and Australia [4,5]. In recent years, several studies have
demonstrated the beneficial effects of burdock due to the presence of various chemical
compounds, including polyunsaturated fatty acids, phenolic acids, polyphenols, aldehydes,
terpenoids, phytosterols, and mono- and sesquiterpenes [6–8]. Therefore, at present,
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efforts are focussed on developing methods for recovering those valuable compounds
from raw biomass. In conventional extraction methods such as maceration, percolation,
and Soxhlet extraction, the starting material is heated at high temperatures in the presence
of organic solvents [9–11]. This allows higher extraction yields but, at the same time, leads
to partial degradation of the thermolabile compounds, which reduces both the quality of
the extract and the solid residue obtained at the end of the extraction process. In addition,
they require a longer exposure time and higher energy consumption. For these reasons,
novel “green technologies” have been developed that enable the extraction of bioactive
compounds without the use of toxic chemicals, thus protecting the environment and human
health, e.g., ultrasound, microwave-assisted, high-pressure homogenisers, enzymatic, and
solid-liquid extraction using conventional and non-conventional solvents (biosolvents,
supercritical fluids, and combinations of them) [12–16]. Extraction with compressed fluids
is an example of a sustainable and efficient technique for the recovery of bioactives and
secondary metabolites from raw biomass, since it prevents thermolabile compounds from
degradation during the extractive step. In a recent study conducted by Stefanov et al. [13],
supercritical carbon dioxide (scCO2) and compressed propane were successfully tested in
the extraction of fatty acids and phenolic compounds from burdock seeds and roots, and
the possible use of ethanol and methanol-water as cosolvents was evaluated. The extracts
obtained are characterised by high antioxidant activity and could find application in the
chemical and pharmaceutical fields for the formulation of nutraceuticals and cosmetics.
Thus, a sustainable pathway to the valorisation of this resource is identified. However, to
fully exploit its potential, extraction residues obtained at the end of the recovery process
should also be used in a sustainable way [12]. The latter represents a valuable source of
hemicellulose, cellulose, and lignin that could be used to produce either high-value-added
compounds or as supports for the design of new bioderived catalysts to be applied in
industrial processes.

In this study, for the first time, three alternative routes to convert A. lappa biomass
have been successfully tested, namely (i) enzymatic hydrolysis to glucose, (ii) direct
ethanolysis of structural carbohydrates to produce ethyl levulinate, and (iii) pyrolysis
to produce biochar as a support for the synthesis of sulfonated magnetic-iron-carbon
catalysts (Fe-SMCC) to be applied in the dehydration of fructose for the synthesis of
5-hydroxymethylfurfural (5-HMF).

Considering the high content of hemicellulose and cellulose in the analysed samples
(about 30–50% of the total composition), A. lappa biomass can be used as a potential source of
glucose to be applied as a substrate to produce bioethanol as well as for the synthesis of new
chemical compounds [17–21]. Generally, this conversion is carried out by the hydrolysis of
complex carbohydrates (hemicellulose and cellulose), through mechanical and/or chemical
treatments with concentrated acids (HCl, H2SO4) [22–24], alkaline solutions [25,26] and
ionic liquids [27,28]. However, these applications require drastic conditions (100–140 ◦C)
that result in partial loss of the product and increased overall energy consumption. In
this context, enzymatic hydrolysis is becoming one of the most widely used methods as it
requires less energy consumption and mild environmental conditions [29–31]. In addition,
the absence of strong acids or bases does not adversely affect the subsequent conversion
processes, such as fermentation, for the formation of valuable products. For these reasons,
the biomass analysed was directly tested in enzymatic hydrolysis for glucose production.

In addition, with the gradual depletion of fossil fuels, the use of structural carbohy-
drates in biomass for the sustainable production of biofuels and chemicals has gained
increasing interest in recent years. Several high-value monomers, including 5-HMF, lev-
ulinic acid, and γ-valerolactone, can be obtained by the catalytic conversion of cellulose
and hemicellulose [32–34]. Among these, ethyl levulinate is a versatile chemical used in
industry as an eco-friendly solvent, plasticiser, perfume, liquid hydrocarbon fuel, and
petroleum additive [35–37]. Furthermore, it is a precursor for the preparation of more
complex chemicals by means of hydrolysis reactions, condensation, or other chemical reac-
tions [38,39]. The synthesis of ethyl levulinate involves the direct acid-catalysed ethanolysis

2
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of raw biomass in the presence of homogeneous and heterogeneous catalysts. Mineral acids
such as HCl and H2SO4 were widely used to produce levulinate esters in high yields [40,41].
However, these catalysts also had obvious shortcomings, such as corrosion, product separa-
tion, and catalyst recycling. Furthermore, they also promote the formation of humins as a
result of secondary side reactions of hydrolysis and/or condensation [42]. Heterogeneous
acid catalysts can be easily separated and reused at the end of the reaction cycle. Several
catalysts, such as heteropolyacids, metal oxides, zeolites, and ionic liquids, were used to
produce ethyl levulinate [43–45]. However, the synthesis of these catalysts turns out to be
very expensive and requires long reaction times, adversely affecting the cost of the final
product. In recent studies by di Bitonto et al. [46], the use of AlCl3·6H2O and H2SO4 at low
concentrations (1 wt%) was found to be particularly effective in the direct conversion of
municipal food waste by obtaining an ethyl levulinate yield of 60 mol% under very mild
conditions (180 ◦C, 4 h). Experimental studies have clearly shown that the presence of
H2SO4 (Brønsted acid) enables the depolymerisation of hemicellulose and cellulose into
monomeric units with the formation of ethyl glucoside, while AlCl3·6H2O promotes its
subsequent isomerisation into ethyl fructoside, which is easily converted to ethyl levuli-
nate [47]. 5-Ethoxymethylfurfural (5-EMF) is a useful intermediate considered a promising
alternative to conventional fossil fuels for its high stability and energy density [48,49]. The
combined use of Brønsted and Lewis acids in the esterification process, therefore, not only
allows for high yields but also represents a useful and economical route for the production
of ethyl levulinate from lignocellulosic biomass.

Sulfonated carbon catalysts are considered promising alternatives to conventional
homogeneous acid catalysts because they are inexpensive, less corrosive, and have a low
environmental impact [50,51]. They can be obtained by the sulfonation of a variety of
carbon-based materials, including carbon nanotubes [52], graphene [53], mesoporous car-
bons [54], and polyaromatic molecules [55]. To date, the use of biomass for the production of
catalytic materials is becoming increasingly attractive due to its valuable advantages [56,57].
The presence of functionalised groups -SO3H on the surface, obtained by simple treatment
with concentrated sulfuric acid, makes them particularly versatile catalysts in several in-
dustrial contexts. In addition, the porous carbon-based structure significantly increases the
surface area of the catalysts, thus improving their catalytic activity. Sulfonated carbon cata-
lysts can be easily recovered by filtration or centrifugation; however, these processes have
partial separation efficiency and high energy consumption. Magnetic separation is widely
used to improve catalyst recovery [58]. The introduction of magnetic materials such as
Fe3O4 and Fe onto the carbon-sulfonate surfaces and the evaluation of the relevant catalytic
properties in converting fructose into 5-Hydroxymethylfurural (5-HMF) were investigated.
5-HMF is a platform molecule that finds several applications in the synthesis of fine chemi-
cals, polymers, biofuels, and pharmaceuticals [59,60]. Components of cellulose and other
polysaccharides such as glucose and fructose can be converted into 5-HMF by dehydration
reactions in the presence of homogeneous acid catalysts such as organic acids [61], ionic
liquids [62], and mineral acids [63]. However, these processes have several drawbacks in
terms of sustainability, including corrosion of the equipment, high toxicity, and recovery of
the catalyst. Heterogeneous acid catalysts like supported heteropolyacids [64], zeolites [65],
metal oxides [66], and ion-exchange resins [67] are gradually becoming more competitive
as they are less corrosive and easily recoverable at the end of the process.

The development and consequent implementation of those routes will allow the
full exploitation of this abundant resource through eco-sustainable processes with low
environmental impact. Thus, affordable and truly sustainable valorisation alternatives
within the concepts of the circular economy approach will be realised as a single process or
in an optimised network of processes.

3
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2. Results
2.1. Chemical Characterisation of Raw Biomass and Extraction Residues

Preliminary characterisation of raw biomass (burdock seeds and roots) and residual
solids obtained after the extraction of bioactive compounds with compressed fluids was
carried out to determine the starting chemical composition and identify the most valuable
components to be exploited. The results are reported in Table 1.

Table 1. Chemical characterisation of raw biomass (burdock seeds and roots) and extraction residues
obtained after the preliminary extraction of bioactive compounds by using compressed fluids (scCO2

and propane).

Samples

Seeds Roots

Raw
Biomass

Extraction Residues Raw
Biomass

Extraction Residues

№ 1 № 2 № 3 № 4 № 5 № 6

Solvent - scCO2 + EtOH Propane Propane Propane - scCO2 +
MeOH/H2O

scCO2 +
MeOH/H2O

Extraction
Conditions - 40 ◦C 200 bar 40 ◦C

60 bar
80 ◦C

200 bar
Mix of

T and P - 40 ◦C,
200 bar

80 ◦C,
200 bar

Ref. in Article J
CO2 Util. [13] - Run 2 Run 4 Run 8 - - Runs 15–17 Runs 18–20

Moisture content,
% 10.2 ± 0.4 4.6 ± 0.2 4.5 ± 0.2 3.4 ± 0.1 3.9 ± 0.1 9.7 ± 0.3 6.2 ± 0.1 6.0 ± 0.1

Total Solids composition (wt%)

Total Lipids 17.4 ± 0.6 6.7 ± 0.3 8.3 ± 0.3 6.2 ± 0.2 9.5 ± 0.4 0.3 - -
Proteins 29.7 ± 1.1 17 ± 0.6 18.6 ± 0.7 14.7 ± 0.5 12.7 ± 0.5 21.6 ± 0.8 15.6 ± 0.6 14.4 ± 0.4
EHS * 18.4 ± 0.8 19.1 ± 0.7 21 ± 0.8 20.4 ± 0.7 21.9 ± 0.8 18.1 ± 0.6 17.9 ± 0.6 18.8 ± 0.7
Cellulose 13.5 ± 0.6 24.7 ± 1.0 26.7 ± 1.1 26.5 ± 0.6 24.9 ± 0.8 14.1 ± 0.6 19.2 ± 0.7 21.9 ± 1.0
Lignin 11.6 ± 0.5 19.5 ± 0.8 16.5 ± 0.6 21.2 ± 0.6 19.6 ± 0.8 23.1 ± 0.9 28.7 ± 1.2 26.5 ± 1.1
Ashes 4.7 ± 0.1 5 ± 0.1 4.9 ± 0.1 4.3 ± 0.1 4.2 ± 0.1 16.5 ± 0.6 12.6 ± 0.4 13.1 ± 0.4

* EHS: easily hydrolysable sugars (inuline, oligofructose, and hemicellulose).

Burdock seeds are characterised by a high lipid and protein content of 17.4 ± 0.6 and
29.7 ± 0.6 wt%, respectively. At the same time, the lipid component is almost absent in
burdock roots (0.3 wt%), with proteins and lignin being the main constituents with values
of 21.6 ± 0.8 and 23.1 ± 0.9 wt%, respectively.

After the extraction process, a partial enrichment of the easily hydrolysable sugars
(EHS), cellulose, and lignin content in the residues produced at the end of the process was
observed in all extraction residues analysed (samples 1–6). Treatment with compressed
fluids to extract bioactive components such as unsaturated fatty acids and polyphenols
leads to a partial deconstruction of the original structure and, thus, to a partial breaking
of the intermolecular bonds that link these molecules to the raw biomass. As a result, the
solids remaining at the end of the extraction process consist mainly of EHS (17.9–21.9 wt%),
cellulose (19.2–26.7 wt%), and lignin (16.5–28.7 wt%). In detail, as for roots in particular,
a significant content of oligo-fructose chains and inulins was determined (3–5%). These
biomass residues can be used as a potential resource to be utilised further since they could
easily be converted into fine chemicals and value-added compounds.

2.2. Study of Enzymatic Hydrolysis for Glucose Production

In this study, the commercial cellulase Novozymes Cellic® CTec2 was used for its
well-known ability to easily break the β 1–4 glycosidic bond of complex carbohydrates
(hemicellulose, cellulose) with the formation of monomeric units [29]. The effect of enzyme
loading (5 and 30 FPU/gsubstrate) and reaction time (24, 48, and 72 h) on the degradation
yield was evaluated and compared with the results of enzymatic hydrolysis of commercial
cellulose. The results obtained are shown in Table 2.

4
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Table 2. Enzymatic hydrolysis of raw biomass and extraction residues for glucose production.
Reaction conditions: 1 g of sample, 10 mL of citrate buffer (50 mmol, pH 4.8), concentration enzyme
(Novozymes Cellic® CTec2), 5–30 FPU/gsubstrate, 50 ◦C, 72 h, 300 rpm.

Substrate
Total

Carbohydrate
Content (wt%)

Enzymatic Degradation Yield (wt%)

Time (h) 24 48 72

FPU/gsubstrate 5 30 5 30 5 30

Cellulose 100 71.6 ± 2.8 84.5 ± 0.9 80.8 ± 0.8 100 88.2 ± 1.9 100
Burdock seeds 31.9 ± 1.4 40.1 ± 1.3 88.2 ± 2.2 46.0 ± 1.8 93.8 ± 1.7 49.6 ± 1.0 100
№ 1 43.8 ± 1.7 43.5 ± 0.9 81.2 ± 1.6 45.2 ± 1.6 94.1 ± 1.4 46.5 ± 1.4 96.7 ± 1.8
№ 2 47.7 ± 1.9 40.9 ± 1.1 81.7 ± 1.4 44.0 ± 1.1 83.9 ± 1.5 47.1 ± 1.3 89.3 ± 1.2
№ 3 46.9 ± 1.3 25.7 ± 0.7 48.4 ± 0.6 28.3 ± 0.8 51.7 ± 0.8 29.5 ± 0.7 53.7 ± 0.8
№ 4 46.8 ± 1.6 28.5 ± 0.9 51.9 ± 0.8 27.8 ± 0.9 54.8 ± 0.7 30.2 ± 0.8 56.0 ± 1.4
Burdock roots 32.2 ± 1.2 58.5 ± 1.4 88.3 ± 1.2 68.4 ± 1.4 95.6 ± 2.1 68.5 ± 1.9 100
№ 5 37.1 ± 1.3 73.2 ± 1.8 82.3 ± 1.4 87.7 ± 1.6 87.3 ± 0.9 94.5 ± 2.1 100
№ 6 40.7 ± 1.7 75.5 ± 1.6 98.4 ± 2.5 79.5 ± 1.1 100 86.6 ± 1.6 100

Using 5 FPU/gsubstrate of the loaded enzyme, partial hydrolysis of all substrates was
observed, achieving a degradation yield of about 25–40% at 50 ◦C after 24 h of reaction.
When the reaction time was extended to 72 h, a further increase in yield was attained, reach-
ing values of 45–70%. A comparison with experimental data on the enzymatic hydrolysis
of cellulose (88.2%) reveals a partial slowdown in the catalytic activity of the enzyme used.
This inactivation could be due either to the formation of enzyme-substrate complexes with
other molecules present or to the adsorption of the enzyme on non-cellular components
such as lignin. In any case, the increase of the loaded enzyme to 30 FPU/gsubstrate allows
for easy conversion of the hemicellulose and cellulose present in glucose by obtaining
degradation yields of up to 80–100%. However, it is worth noting that burdock residues
from extraction with scCO2 + EtOH (or MeOH in the case of roots) at 40 ◦C and 200 bar
were not only unaffected but were even beneficial regarding hydrolysis kinetics when
compared with data collected using the original biomass samples. This result is of utmost
importance because the perfect synergy between an extraction with compressed fluids and
the enzymatic hydrolysis of residues is demonstrated to its fullest.

2.3. Direct Ethanolysis for the Synthesis of Ethyl Levulinate

The residual biomass samples recovered after the corresponding extraction processes
described in Table 2 were tested in direct ethanolysis for the synthesis of ethyl levulinate by
using AlCl3·6H2O and H2SO4 as catalysts.

The mechanism and the results of the experimental tests conducted at 190 ◦C for 2.5 h
in the presence of CO2 (3.5 g) are shown in Figures 1 and 2, respectively.
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Figure 1. Reaction mechanism proposed for the conversion of raw biomass to ethyl levulinate by
using H2SO4 and AlCl3·6H2O as catalysts [47].

From the treatment of residual solids, a yield of 40–50%mol of ethyl levulinate was
obtained with a content of 5-EMF of 18–20%mol. As a result, about 60–70% of carbohy-
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drates present in the starting biomass are converted into useful products. Consequently,
the application of this process for the utilisation of residual biomass thus represents a rapid
advance towards the development of an eco-sustainable economy in which the extraction
residues resulting from the extraction of bioactive compounds operated through super-
critical fluids can be converted into biofuels and green solvents to be applied in different
industrial contexts.
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Figure 2. Experimental results obtained from the direct ethanolysis of the extraction residues by
using AlCl3·6H2O and H2SO4 as catalysts. Reaction conditions: 0.85 g of sample, molar ratio starting
carbohydrates:acid ethanolic solution: AlCl3·6H2O = 1:230:0.4, 3.5 g of CO2, 190 ◦C, 2.5 h, 300 rpm.

2.4. Synthesis and Characterisation of Iron Sulfonated Magnetic Carbon Catalysts

The extraction residues recovered from A. lappa seeds and roots were used for the
synthesis of iron sulfonated magnetic carbon catalysts (Fe-SMCC). A schematic illustration
of the synthetic route for Fe-SMCC is shown in Figure 3.
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calcium carbonate (CaCO3) in the starting biochar. The diffraction peaks in Fe-SMCC at 
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Figure 3. Synthetic route for the synthesis of iron sulfonated magnetic carbon catalysts (Fe-SMCC)
from the extraction residues of Burdock seeds and roots.

The carbonaceous material (biochar) was obtained from the pyrolysis of the extraction
residues at high temperatures (600 ◦C, 2 h) under nitrogen (N2) flow. Subsequently, the
biochar obtained was treated with concentrated sulfuric acid (150 ◦C, 10 h), resulting in the
formation of strongly acidic sulfonic groups on the catalyst surface. Figure 4a shows the
FTIR spectra of biochar and sulfonated biochar. Both samples exhibit a typical signal at
1568 cm−1, attributable to the stretching signal of C=C bonds of the aromatic rings present
in the carbonised materials deriving from lignocellulosic biomass. After the sulfonation
process, the presence of new signals at 1123 and 1100 cm−1 evidences the incorporation
efficiency of -SO3H groups on the biochar surface [68,69].
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Figure 4. (a) Comparison of FTIR spectra of biochar and biochar obtained after the sulfonation
process. (b) XRD spectra of biochar and iron-supported magnetic carbon catalyst (Fe-SMCC).

Then, the sulfonated biochar was impregnated with an aqueous solution of iron (III)
chloride (25 ◦C, 5 h) and converted into Fe-SMCC by further thermal activation (600 ◦C,
1 h, N2). Figure 4b reports the XRD patterns of the starting biochar and Fe-SMCC. The
presence of a weak broad diffraction peak at 2θ of ~23–28◦ in both spectra can be attributed
to amorphous carbon structures containing aromatic carbon sheets [70]. In addition, signals
located at 2θ of 29.3◦, 35.9◦, 43.0◦, 47.4◦, and 48.5◦ have identified the presence of calcium
carbonate (CaCO3) in the starting biochar. The diffraction peaks in Fe-SMCC at 2θ of 16.1◦,
30.2◦, 35.5◦, 37.7◦, 43.2◦, 47.5◦, 53.5◦, and 57.1◦ have highlighted the formation of magnetite
Fe3O4 on the catalyst, confirming the effectiveness of the synthesis process. The SEM
images of biochar, biochar sulfonate, and Fe-SMCC are shown in Figure 5.

Biochar (Figure 5a) exhibits an irregular and heterogeneous morphology with a well-
developed alveolar structure resulting from the loss of volatile compounds during heat
treatment [71]. After the sulfonation process (Figure 5b), a partial reduction in porosity
was observed on the surface of the carbonaceous material. This effect is related to the
partial removal of some parts of the amorphous carbon present in the starting biochar after
the chemical treatment with sulfuric acid [72,73]. At the same time, the binding of -SO3H
groups on the surface of biochar involves a partial reduction in the porosity of the support.
Nanoparticles of Fe3O4 were observed on the surface of Fe-SMCC at the end of the process
(Figure 5c’ ), obtained as a result of wet impregnation of sulfonated biochar with FeCl3
and the subsequent activation process. The effectiveness of the synthesis process was also
confirmed by elementary analyses. Table 3 shows the elementary compositions obtained
by EDS analysis of biochar, biochar sulfonate, and Fe-SMCC for both types of extraction
residues (burdock seeds and roots).

Table 3. Elemental analysis of biochar, sulfonated biochar, and Fe-SMCC obtained from the extraction
residues of Burdock seeds and roots.

Samples
Extraction Residues

Seeds Roots

Elemental Composition (wt%) C O Ca S Fe C O Ca S Fe

Biochar 83.0 14.2 0.96 - - 69.3 24.8 1.6 0.32 -
Sulfonated biochar 76.8 19.7 - 2.34 - 68.2 26.8 - 2.64 -
Fe-SMCC 65.6 21.4 - 1.27 5.51 70.3 16.3 0.86 1.03 4.18
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Figure 5. SEM images of biochar ((a’,a”) of seeds and (d’,d”) of roots, respectively), sulfonated
biochar ((b’,b”) for seeds and (e’,e”) for roots), and Fe-SMCC ((c’,c”) for seeds and (f’,f”) for roots).

The chemical composition of biochar is clearly different before and after the sulfona-
tion process. The increase in sulphur (S) and oxygen (O) content by 2.34–2.64 wt% and
19.7–26.8 wt%, respectively, indicates the correct incorporation of sulfonic groups on the
biochar surface. The presence of iron (Fe) in sulfonated materials after the impregnation,
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washing, and thermal activation of 4.18–5.51 wt%, confirmed the formation of magnetite in
Fe-SMCC. Finally, the total amount of active sites present on the surface of the synthesised
catalysts was determined by the Boehm titration method [74] (Table 4), resulting in an
overall acid density between 0.74 and 1.36 mmolSO3H/g.

Table 4. Determination of acid properties for Fe-SMCC.

Catalysts Total Acid Density
(mmolSO3H/g)

Fe-SMCC № 1 0.86 ± 0.02
Fe-SMCC № 2 0.98 ± 0.03
Fe-SMCC № 3 0.95 ± 0.02
Fe-SMCC № 4 1.36 ± 0.04
Fe-SMCC № 5 1.32 ± 0.04
Fe-SMCC № 6 0.78 ± 0.02

Dehydratation of Fructose for the Synthesis of 5-HMF Catalysed by Fe-SMCC

Fe-SMCC was tested in the dehydration of fructose for the synthesis of 5-HMF
(Figure 6).
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Although water is the most environmentally friendly solvent, fructose dehydration in
an aqueous medium is generally not selective, generating hydrolysis and/or condensation
by-products (i.e., humins) [59,60]. In order to improve the yield of 5-HMF, the dehydration
reaction was carried out by using methyl isobutyl ketone (MIBK) and γ-valerolactone (GVL)
as cosolvents. In addition, the catalytic activity of commercial resin (Amberlyst-15) in the
dehydration process was also investigated. The results obtained are reported in Table 5.

Under the reaction conditions adopted (0.2 mmol fructose, organic phase = MIBK,
volume ratio MIBK to H2O = 2 to 1, 130 ◦C, 6 h), in the absence of a catalyst, a fructose
conversion of 28.8 ± 1.2% was obtained with a 5-HMF yield of 6.6 ± 0.3% and a selectivity
of 22.9 ± 2.0% (Entry 1). When Amberlyst-15 was used as a catalyst, the fructose conversion
was 91.8 ± 2.3% with a 5-HMF yield of 14.5 ± 0.5%mol. However, the selectivity towards
the production of 5-HMF was found to be only 15.8 ± 0.8 mol%, lower than the non-
catalysed process. The acidic active sites present on the catalyst surface [67] induced further
hydrolysis of the 5-HMF by generating formic and levulinic acid as reaction by-products
(32.3 ± 1.6 and 28.6 ± 1.4 mol%, respectively). On the other hand, the results obtained
using Fe-SCMM (Entries 3–8) showed that, despite the lower conversion of fructose of
52.5–62.5 mol%, the systems tested were more active and selective towards the production
of 5-HMF, with values in the range of 16.2–23.1 mol% and 30.1–42.0 mol%, respectively,
confirming the fundamental role of the catalysts in the selective dehydration process.
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Compared to Amberlyst-15, which contains only sulfonic groups (4.3 mmolSO3H/g, as
experimentally determined), the simultaneous presence of Brønsted (sulfonic groups)
and Lewis (magnetite) acid sites allows to effectively catalyse the dehydration reaction,
obtaining 5-HMF as the main product. These values can be further improved by using
GVL as a cosolvent reaction (entries 9–14), with yields in 5-HMF of 28.9–41.9 mol% and
selectivity of 40.1–55.5 mol%. However, in the case of MIBK, a convenient separation of
5-HMF was obtained at the end of the dehydration process (Figure 7). More than 70% of
5-HMF was present in the higher organic phase (R = 2.4–2.9), allowing easy recovery and
isolation by distillation [66].

Table 5. Reactivity tests for the dehydration of fructose for the synthesis of 5-HMF. Reaction con-
ditions: 1 mL of aqueous solution of fructose (0.2 mmol), 2 mL of organic solvent (MIBK or GVL),
130 ◦C, 6 h, 300 rpm.

E Solvent Catalyst Fructose
Conversion (mol%)

5-HMF Formic Acid Levulinic Acid

Yield
(mol%)

Selectivity
(%) R Yield

(mol%)
Yield

(mol%)

1

MIBK

In the absence of
a catalyst 28.8 ± 1.2 6.6 ± 0.3 22.9 ± 2.0 2.2 - -

2 Amberlyst-15 91.8 ± 2.3 14.5 ± 0.5 15.8 ± 0.8 2.4 32.3 ± 1.6 28.6 ± 1.4
3 Fe-SMCC № 1 53.6 ± 1.7 18.7 ± 0.3 34.9 ± 1.7 2.4 - -
4 Fe-SMCC № 2 57.0 ± 0.5 21.1 ± 0.8 37.0 ± 1.7 2.8 - -
5 Fe-SMCC № 3 55.0 ± 0.7 23.1 ± 0.8 42.0 ± 2.0 2.8 - -
6 Fe-SMCC № 4 58.3 ± 0.5 21.9 ± 1.6 37.6 ± 3.1 2.9 - -
7 Fe-SMCC № 5 52.5 ± 1.9 16.2 ± 0.6 30.9 ± 2.3 2.6 - -
8 Fe-SMCC № 6 62.5 ± 1.4 18.8 ± 0.4 30.1 ± 1.3 2.5 - -

9

GVL

Fe-SMCC № 1 69.0 ± 1.4 28.9 ± 1.7 41.9 ± 3.3 - - -
10 Fe-SMCC № 2 75.3 ± 1.6 31.4 ± 1.3 41.7 ± 2.6 - - -
11 Fe-SMCC № 3 55.5 ± 1.2 41.9 ± 0.8 55.5 ± 1.9 - - -
12 Fe-SMCC № 4 74.2 ± 1.6 35.5 ± 1.4 47.8 ± 2.9 - - -
13 Fe-SMCC № 5 76.0 ± 1.9 30.5 ± 0.9 40.1 ± 2.2 - - -
14 Fe-SMCC № 6 77.1 ± 1.8 31.5 ± 1.1 40.9 ± 2.4 - - -
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3. Discussion
Biorefinery Approach for the Integral Valorisation of Burdock Seeds and Roots

A. lappa seeds and roots have always attracted attention for their therapeutic and
pharmaceutical properties. Over the years, as an alternative to their direct consumption,
several studies have mainly focused on the extraction of bioactive components (e.g., fatty
acids, polyphenolic compounds) to be used in the manufacture of various products, such
as nutraceuticals and pharmaceuticals. However, there is still a gap regarding the fate of
extraction residues, which are supposed to be disposed of, since till now, it has not been
demonstrated how they can be utilized on an industrial scale. Inevitably, that would lead
to an increase in economic costs and a significant impact on the environment. In detail,
considering that extractable components represent only about 15–20% of the total biomass,
the possible conversion of the residual biomass to value added compounds will have a
crucial impact on the overall feasibility evaluation. Moreover, hemicellulose, cellulose,
inulin-type fructans in the case of roots [4,75] and lignin, which are the main constituents,
can be exploited for the production of fine chemicals to be used in several other fields,
namely new materials and liquid biofuel. The development of an integrated biorefinery
approach for the full exploitation of burdock biomasses would not only reduce the costs
of disposal but convert them from an environmental burden to a valuable resource, in
accordance with the principles of the circular economy. The conceptual process diagram
suggested for the valorisation of burdock seeds and roots is shown in Figure 7. As shown,
the first step in an integrated biorefinery is the recovery of bioactive components using
compressed liquids (supercritical CO2 and propane). The extraction residues obtained are
mainly composed of hemicellulose (17.9–21.9 wt%), cellulose (19.2–26.7 wt%), inulin-type
fructans in the case of roots (2–5%), and lignin (16.5–28.7 wt%), as reported in Table 1.

Several sustainable methods are studied to enable the full exploitation of these residual
biomasses in a multi-product biorefinery scheme, in which bio-ethanol, 5-HMF, 5-EMF,
levulinic acid, and ethyl levulinate could eventually be obtained.

The first process investigated was the enzymatic digestion of the extraction residues,
which allowed a complete conversion of complex carbohydrates (hemicellulose and cel-
lulose, representing about 30–50% of the total biomass) into simple sugars by obtaining a
glucose yield of 90–100%. In detail, the extraction process operated through compressed
fluids can even be seen as an efficient pre-treatment of biomasses since the hydrolysis’
kinetics improved by 15–25% with respect to the direct hydrolysis operated on the original
burdock biomasses. The obtainment of glucose (and fructose from roots) can be functional
to ethanol production through fermentation, according to well-known routes [76]. Ethanol
can either be considered a final product (biofuel) or used in other processes involved in
biorefining burdock residues. The best way to extract from burdock roots oligofructose
species, known as prebiotic fibres, uses ethanol as a cosolvent [77]. Also, ethanol could be
used in the direct alcoholysis of A. lappa seeds and root residues to obtain new platform
molecules. In fact, operating at relatively mild conditions, namely 190 ◦C and 2.5 h, in the
presence of very cheap catalysts, namely AlCl3·6H2O and H2SO4, about 70–80 mol% of
the starting polymeric carbohydrates can be successfully converted into ethyl levulinate
and 5-EMF, which will find application as bio-additives in bioderived materials. On the
other hand, as a result of the enzymatic digestion of burdock seeds and roots, the glucose
(and fructose in the specific case of roots) aqueous solutions could be directly used for the
production of levulinic acid using an appropriate combination of catalysts (AlCl3·6H2O
and H2SO4) [78], ethyl levulinate [79], or 5-HMF using the more selective heterogeneous
ferromagnetic catalyst obtained from burdock seeds and root residues.

All of these options may efficiently compete and complete the flexible valorisation
of burdock seeds and roots by offering a number of alternative products that can be
appropriately modulated and selected following specific market requirements. With the
simple inclusion of cheap and largely available reagents, namely Cellulases, AlCl3·6H2O,
and H2SO4 and well-known processes (fermentation of sugars, alcoholysis, and thermo-
chemical valorisation), an A. lappa biorefinery burdock could represent an opportunity to
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improve the present economic scenario, especially in regions and countries where the plant
is already cultivated widely. For example, in Fengxian’s district, known as the “Hometown
of Burdock” in China, the burdock cultivation area is over 3000 hm2, producing 150,000 t of
roots annually [8].

Thus, the novel ideas advocated in this work about the sustainable industrial appli-
cation of the processes investigated and proposed could allow a potential production of
1000–2000 t extractives, 12,000–13,000 t ethanol, 10,000 t levulinate (as acid and/or ethyl
esters), and 5000 t hydroxymethylfurfural, turning a “traditional medicinal plant” into
a modern competitive provider of new pharmaceuticals and superfoods, as well as fine
chemicals for the production of new bioderived materials and biofuels.

4. Materials and Methods
4.1. Reagents and Instruments

All reagents were of analytical grade (≥99%) and were used directly without further
purification or treatment. Fourier-transform infrared spectroscopy (FTIR) spectra were
recorded on a Nicolet Summit Thermo Fisher Scientific FTIR spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with an Everest Diamond ATR module.
Scanning electron microscopy (SEM) and Energy Dispersive X-ray (EDX) spectra were
performed by using a tabletop microscope, the Hitachi TM4000Plus (Hitachi, Tokyo, Japan).
Carbohydrates, organic acids, and 5-HMF were determined by high-performance liquid
chromatography (HPLC) with a JASCO (Easton, MD, USA) instrument equipped with
a Hi-Plex H column (300 mm, 4 mm; Agilent, Santa Clara, CA, USA) and two different
types of detectors: the RI-150 refractive index detector and the UV-150 detector (detection
wavelengths of 235 and 260 nm). The samples were injected automatically (100 µL) with
an autosampler AS 2055. The column was thermostatically controlled at 55 ◦C, and a
0.6 mL/min flow rate was applied, using a 0.01 M sulfuric acid (H2SO4) solution as the
mobile phase. Gas-chromatographic (GC) analysis for the determination of ethyl levulinate
were done with a Shimadzu GC 2010 Plus gas chromatograph equipped with an Agilent
SH-Rtx-Wax capillary column (Shimadzu (Kyoto, Japan), 30 m × 0.32 mm × 0.25 µm)
and a flame ionisation detector (FID). The injector and detector temperatures were set at
250 and 280 ◦C, respectively. The oven temperature was programmed with the following
temperature ramp: 30 ◦C for 3 min, then increased to 240 ◦C at 10 ◦C min−1 and held at
240 ◦C for 15 min. A split ratio of 1:10 was used with Helium (He) as carrier gas (flow
rate 1.0 mL/min). X-ray diffraction (XRD) analysis was carried out by using an Empyrean
(Malvern169 Panalytical, Chipping Norton, Australia) diffractometer equipped with a
PIXcel1D-Medipix3 detector operating with CuKα radiation (λ = 1.5406 Å, 45 kV, 40 mA)
and a 2θ scanning range of 5 to 60◦. The results obtained were analysed with HighScore
Plus 4.8 software and the PDF2 database.

4.2. Biomass Characterisation

Burdock seeds were provided by a local farm in the town of Ivaipora (Parana, Brazil),
while the roots were provided by a certified herbal pharmacy in Sofia (Bulgaria). Both
biomasses were initially air-dried in an oven at 60 ◦C for 48 h, ground in a mixer (Philips
Walita RI1774 (Philips, Amsterdam, The Netherlands)), and sieved to obtain a final particle
size of 0.42–0.71 mm. The extraction residues (seeds and roots) were recovered after
the preliminary extraction of bioactive components with compressed fluids (scCO2 and
propane), according to the experimental procedures described by Stefanov et al. [13].
Finally, all samples were analysed in terms of residual lipids, proteins, hemicellulose, lignin,
and ash content, as described by di Bitonto et al. [47]. The average chemical composition
of starting biomass and extraction residues is reported in Table 1. Each analysis was
carried out in triplicate, allowing the average value and the relative standard deviation to
be determined.
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4.3. Enzymatic Tests

Enzymatic hydrolysis of raw biomass and extraction residues was carried out at
50 ◦C under the following conditions: 250 µL of commercial cellulase (Cellic® CTec2,
>1000 Biomass Hydrolysis Units, density of 1.209 g/L; Novozymes, Lyngby, Denmark)
were initially dissolved in citrate buffer solution (50 mmol, pH 4.8, up to 5 mL) and left for
1 h at 50 ◦C to activate the enzyme. Part of this solution was opportunely up-taken and
diluted up to 5 mL of citrate buffer before being added to a mixture containing 0.1 g of
solid substrate and 5 mL of citrate buffer to achieve the appropriate enzymatic load (5 and
30 FPU/g cellulose). The filter paper activity of the enzyme was previously experimentally
determined [80]. Then, 200 µL of sodium azide solution (20 mg/mL) were added as an
antimicrobial agent. The reaction was carried out at 50 ◦C for 72 h under constant stirring
speed (300 rpm). To study the enzymatic kinetics, samples (1 mL) were withdrawn at
24, 48, and 72 h, filtered using 0.2 µm nylon filters, and analysed for the determination
of hydrolysed glucose by HPLC analysis. The reaction yield was calculated according to
Equation (1):

Enzymatic degradation yield(wt%) =
mhydrolysed glucose

mbiomass%cellulose

mhydrolysed glucose

mbiomass%cellulose
× 100 (1)

where mhydrolyseds glucose is the mass of glucose experimentally detected after the enzymatic
hydrolysis, mbiomass is the weighted amount of sample used, and %cellulose is the cellulose
content determined in the starting samples as reported in Table 1.

4.4. Ethanolysis Reaction

The direct ethanolysis of extraction residues was performed in a 50 mL stainless
stirrer reactor (Parr series 4590, model 4597 (Parr Instrument Company, Moline, IL, USA)),
equipped with a stirring speed controller, temperature control, and pressure indicator. In
a typical reaction, 0.6 g of sample (total carbohydrate content = 43.8 wt%) were mixed
with 20 mL of an ethanolic solution of 1 wt% H2SO4 and 0.14 g of AlCl3·6H2O, resulting
in a final molar ratio of carbohydrate:acidic ethanolic solution:catalyst of 1:230:0.4 [46,47].
Then, the reactor was loaded with 3.5 g of CO2 (≥99%, Air Liquid) by using a syringe
pump (Teledyne Isco model 260D (Teledyne ISCO, Lincoln, NE, USA)) held at a constant
temperature (15 ◦C) and pressure (150 bar). The reaction was carried out at 190 ◦C for
2.5 h with stirring at 300 rpm. At the end of the process, the system was cooled to room
temperature and depressurised by opening a needle valve (pressure release rate of about
5 bar/min). The reaction mixture was collected, and the organic solution was separated
from the residual solid by centrifugation (3000 rpm, 10 min; Rotofix 32 Hettich centrifuge
(Hettich Lab, Tuttlingen, Germany)), and 5-EMF content was determined spectroscopically
by using a UV–Vis SP 8001 spectrophotometer (Metertech, Taipei, Taiwan) [47]. Finally,
ethyl levulinate was quantified by gas chromatographic analysis of the extract (1 µL)
obtained after five successive extractions of the organic mixture with heptane (5 mL).
Determinations were performed by external calibration with ethyl levulinate standard
solutions in heptane ranging from 10 to 1000 ppm.

4.5. Synthesis of Iron Sulfonated Magnetic Carbon Catalysts

Iron sulfonated magnetic carbon catalysts (Fe-SMCC) were synthesised according
to the synthetic route shown in Figure 5. Firstly, biochar was obtained by pyrolysis of
extraction residues at 600 ◦C for 2 h with a heating rate of 10 ◦C/min and an N2 flow of
1 mL/min. Subsequently, the porous carbon material was sulfonated with concentrated
sulfuric acid at 150 ◦C for 10 h (1 g solid/10 mL H2SO4) to generate strongly acidic sulfone
groups on the biochar surface. After the process completion, the sulfonated biochar was
washed with deionised water until no more sulphate ions were detected in the wash
water, and it was dried in an oven at 100 ◦C for 15 h. This activated carbon was used
as a support material for the synthesis of Fe-SMCC by wet impregnation. 1 g of the
sample was suspended into 50 mL of an aqueous solution of iron (III) chloride hexahydrate
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(1.2 g of FeCl3·6H2O, weight ratio Fe to biochar of 25%) at room temperature for 5 h. The
suspension was then evaporated at 110 ◦C and the resultant solid dried at 100 ◦C for
15 h. Fe-SMCC were obtained after the thermal activation of Fe (III)-impregnated biochar
at 600 ◦C for 1 h under N2 flow (1 mL/min). The Boehm titration method was used for the
determination of acid properties of the catalysts synthetised [65].

Dehydratation Process

The synthesised catalysts were tested in the reaction of dehydration of fructose for
the synthesis of 5-HMF. In a Pyrex glass reactor of 10 mL, 0.1 g of supported catalyst was
mixed with 1 mL of aqueous fructose solution (0.2 mmol) and 2 mL of organic solvent
(methyl isobutyl ketone and γ-valerolactone), by obtaining a final volume ratio of organic
to aqueous phase of 2 to 1. The reaction was carried out at 130 ◦C for 6 h with stirring at
300 rpm. At the end of the process, the system was cooled to room temperature in an ice-
water bath, and the resultant organic mixture was analysed by HPLC for the determination
of residual fructose (RI detection), organic acids (UV detection 235 nm) and 5-HMF (UV
detection 260 nm). The conversion of fructose, the yield of the reaction products and the
selectivity towards the production of 5-HMF were calculated by using Equations (2)–(4):

Fructose conversion (mol%) =
mmolstarting fructose − mmolresidual fructose

mmolstarting fructose
× 100 (2)

Yield product(mol%) =
mmolproduct

mmolstarting fructose
× 100 (3)

Selectivity 5-HMF(mol%) =
mmol5-HMF

mmolstarting fructose
× 100 (4)

In addition, in the case of MIBK, the partition coefficient (R) of 5-HMF between the
two phases (aqueous and organic) obtained at the end of the dehydration process was
determined according to Equation (5).

R =
mmol5-HMF organic phase

mmol5-HMF aqueous phase
(5)

5. Conclusions

An integrated strategy for biorefining of lignocellulosic biomasses of Arctium lappa
burdock seeds and roots was developed and presented. A cascade of technologies was
experimentally studied using as possible feedstocks the residual biomasses obtained after
recovery of fatty acids and antioxidants applying compressed fluids. Valorisation routes
of the residual cakes to attain glucose, ethyl levulinate and new magnetic catalysts were
specifically investigated. It was demonstrated that cellulose can be almost totally hydrol-
ysed in less than 48 h at 50 ◦C, by commercial enzymes into simple sugars (e.g., glucose
and xylose) using a load of enzyme of 30 FPU/gsubstrate on the residues obtained from
extractions with sc-CO2/alcohols. Alternatively, lignocellulosic residues can be directly
reacted through ethanolysis operated at 190 ◦C for 2.5 h in the presence of AlCl3·6H2O and
H2SO4, achieving high yields of ethyl levulinate (40–50%) and 5-EMF (18–22%). Finally,
novel magnetic Iron (III) based sulfonated lignin-based biochars were also synthesized,
characterised and found to efficiently catalyse the fructose conversion into 5-HMF in
biphasic water-MIBK or GVL systems up to obtain reasonably yields (28.9–41.9 mol%)
and selectivity (40.1–55.5 mol%). All these fundamental steps can concur in defining a
network of processes for a multiproduct biorefinery of Arctium lappa seeds and roots to
obtain platform chemicals and biofuels.
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Abstract: Zingiber officinale Roscoe (ginger) is a plant from the Zingiberaceae family, and its extracts
have been found to contain several compounds with beneficial bioactivities. Nowadays, the use
of environmentally friendly and sustainable extraction methods has attracted considerable interest.
The main objective of this study was to evaluate subcritical propane (scPropane), supercritical CO2

(scCO2), and supercritical CO2 with ethanol (scCO2 + EtOH) as co-solvent methods for the extraction
of high value products from ginger. In addition, the reuse/recycling of the secondary biomass in
a second extraction as a part of the circular economy was evaluated. Both the primary and the
secondary biomass led to high yield percentages, ranging from 1.23% to 6.42%. The highest yield was
observed in the scCO2 + EtOH, with biomass prior used to scCO2 extraction. All extracts presented
with high similarities as far as their total phenolic contents, antioxidant capacity, and chemical
composition. The most abundant compounds, identified by the two different gas chromatography-
mass spectrometry (GC-MS) systems present, were a-zingiberene, β- sesquiphellandrene, a-farnesene,
β-bisabolene, zingerone, gingerol, a-curcumene, and γ-muurolene. Interestingly, the reuse/recycling
of the secondary biomass was found to be promising, as the extracts showed high antioxidant capacity
and consisted of significant amounts of compounds with beneficial properties.

Keywords: ginger valorization; supercritical extraction; subcritical extraction; antioxidant capacity;
chemical composition; circular economy

1. Introduction

Zingiber officinale Roscoe (ginger) is a plant that is widely distributed worldwide and
belongs to the Zingiberaceae family. It contains compounds that present a wide range of
benefits, such as antioxidant, antifungal, antibacterial, and anticancer effects [1–4]. Ginger,
both fresh and dried, is used for consumption as well as medicinal applications [5]. Ginger’s
extracts and essential oils have diverse chemical compositions, and they mainly include
compounds belonging to terpenoids and phenolics groups which possesses significant
biological activity [6]. Moreover, polysaccharides have also been reported to be components
of ginger extracts [1]. The bioactive compounds present in ginger extracts/oils lead to
a vast number of applications in the medicinal and cosmetic sector, as well as the food
industry and the agriculture sector [7–11].

As a plant with significant value, ginger has attracted intensive research interest.
Thus, many studies have focused on the application of different extraction methods with
the aim of maximizing the extraction efficiency [1]. In the past years, new technologies
for the extraction of beneficial compounds have attracted a lot of attention. Specifically,
environmentally friendly, low-cost, and sustainable extraction methods have been used
to extract and isolate compounds of interest [6]. Among them, super- and sub- critical
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extraction methods have aroused remarkable interest from the scientific community, be-
cause only small changes in the pressure and temperature can increase the selectivity of the
extraction process [12]. These types of extractions have numerus advantages, with the most
interesting being the decrease of the thermal degradation of the targeted compounds [12],
which is a major disadvantage of the conventional extraction procedures [13,14]. The lower
temperatures also lead to the reduction of the extraction cost [15].

In the literature, it is well-documented that compounds extracted from ginger possess
various biological activities and can have diverse applications. However, the extraction of
bioactive compounds with high recovery remains a challenge [5]. Ginger solvent extraction
has been the most studied. More recently, advanced methods such as supercritical and
subcritical techniques, as well as pressurized fluid and ultrasound-assisted techniques, have
shown promising results for the extraction of bioactive substances [5,16]. The evaluation of
these techniques for the recovery of such compounds has led to significant interest [5]. It is
worth noticing that these types of extractions lead to better quality products, and that the
solvent can be recycled and reused [17,18].

The aim of the present study was to explore different methods of ginger extraction,
using more advanced and environmentally friendly procedures. Therefore, a variety of sub-
and supercritical extractions were performed and evaluated in terms of the yield percentage,
the total phenolic content, the antioxidant capacity, and the chemical composition. The
gas chromatography-mass spectrometry (GC-MS) technique was also used to identify
the main components. Additionally, the utilization of the residual (secondary) biomass
was studied, with the purpose being the production of additional added value products.
Large amounts of residual biomass, which is potentially not environmentally friendly, are
produced yearly [19,20]. There is increasing interest around the utilization of this type of
biomass to further isolate natural bioactive compounds [21]. To the authors’ best knowledge,
this is the first study focusing on the extraction of ginger through using and comparing
a variety of sub- and supercritical extractions. The main focus of the present study was
to evaluate the possibility of enhancing the high value bioactive compounds’ recovery
through the utilizion of the residual biomass, with a multistep extraction procedure of the
secondary biomass. The recovery of those high value compounds is a key point for the
valorization of the used biomass, with the possibility of their use in food, cosmetics, and
other products. The main limitation regarding the reuse of biomass is the high cost. The
proposed procedure is a low-cost, environmentally friendly extraction method that follows
the framework of circular economy.

2. Results and Discussion
2.1. Soxhlet Extraction

In Table 1, the extraction conditions and extraction yields using Soxhlet, in combination
with different solvents, are presented. The Soxhlet extraction was performed to select the
most suitable co-solvent in the supercritical extraction. The highest yield was observed
using water as solvent, followed by ethanol (17.93% and 17.70%, respectively) (Table 1,
Figure 1). Lower extraction yields were noticed with ethyl acetate and hexane (8.28% and
4.82%, respectively). This difference could be due to the different polarities of the used
solvents (10.2 for water, 5.2 for ethanol, 4.3 for ethyl acetate, and 0.0 for hexane) [22], and
their ability to solubilize the oils from the biomass.
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Table 1. Experimental conditions and extraction yields of Zingiber officinale Roscoe acquired under
6 h of Soxhlet extraction using different solvents.

Solvents Polarity * Boiling Point (◦C) ** Type of Biomass Yield (%) ± SD

Ethyl acetate 4.3 77.0 Primary 8.28 ± 0.48 abc

Ethanol 5.2 78.5 Primary 17.70 ± 1.78 ad

Hexane 0.0 63.9 Primary 4.82 ± 0.23 bde

Water 10.2 100.5 Primary 17.93 ± 6.67 ce

SD: standard deviation, abcde: values in each column that share the same letter are significantly different from
each other (One-way Anova, p < 0.05),* [22], ** [23].
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Figure 1. Extraction yield % of Zingiber officinale Roscoe using Soxhlet extraction with different
solvents.

Similar to our results, Al-Areer et al. found that, [24] when performing Soxhlet
extractions at 90 ◦C for 9 h, the highest extraction yield was observed when ethanol was
used as solvent, followed by ethyl acetate and hexane. A different trend was observed by
Lemma and Egza, [25] who noticed a higher yield in the hexane than the ethanolic extract
when Soxhlet extractions were performed for about 4 h at the boiling point of each solvent.

Moreover, the antioxidant capacity, as well as the concentration of total phenols of
the extracts, were evaluated. The results are shown in Table 2. The highest antioxidant
activities were observed in the ethyl acetate and ethanolic extracts. Regarding the total
phenolic content, the ethanolic extract presented the highest concentration.

Table 2. Antioxidant capacity and total phenolic content (mg of gallic acid equivalents (GAE) per
100 g of sample) of primary biomass of Zingiber officinale Roscoe extracts acquired under Soxhlet
extraction using different solvents.

Solvents IC50 (µg mL−1) ± SD Total Phenolic Content
(mg GAE 100 g−1) ± SD

Ethyl Acetate 150.50 ± 6.06 a 1.96 ± 0.10 ab

Ethanol 191.16 ± 10.58 b 7.04 ± 0.79 acd

Hexane 201.05 ± 7.22 c 0.96 ± 0.16 c

Water 758.29 ± 29.59 abc 0.83 ± 0.42 bd

SD: standard deviation, abcd: values in each column that share the same letter are significantly different from each
other (One-way Anova, p < 0.05).
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The differences in the extraction yields, total phenolic contents, and antioxidant activity
may occur because different solvents can extract different active compounds [26]. Water,
even though it presented the higher extraction yield, showed the lowest total phenolic
content and antioxidant activity. This can be due to the high temperature used in that case
(100.5 ◦C), leading to the thermal decomposition of high bioactive compounds (Table 2). It
is well-known that the high temperatures used in the Soxhlet extraction process (up to the
boiling point of each solvent), along with the long extraction time, can lead to the thermal
degradation of some compounds [27]. More specifically, the continuous evaporation and
extraction of the target compounds caused by the solvents, the high extraction kinetics,
and the prolonged extraction time can promote the decomposition of thermolabile target
compounds [28]. Thermolabile target compounds can consist of polyphenols that present
high antioxidant capacity [29].

Moreover, it is reported in the literature that many factors can affect antioxidant
activities. Besides the amount and strength of the antioxidant compounds, the ability
of the antioxidants to transfer a hydrogen to a free radical such as DPPH· can also be
affected by the environment where the reaction takes place; for example, in different types
of solvents [30].

Taking all of the above into consideration, along with the antioxidant capacity (Table 2,
Figure S1) of each extract and their total phenolic content (Table 2), ethanol was selected as
the co-solvent in the supercritical extraction.

2.2. Sub- and Supercritical Extraction

In Table 3, the extraction conditions for the sub- and supercritical extractions are
presented. The primary biomass extraction resulted in high yield percentages (Table 4,
Figure 2). The supercritical CO2 extraction with ethanol as the co-solvent (scCO2 + EtOH)
gave an extraction yield of 6.06%, which was the highest of the three obtained, followed by
subcritical propane (scPropane) and supercritical CO2 (scCO2), with yield percentages of
2.06% and 1.54%, respectively. It is worth noticing that scCO2 + EtOH led to higher yields
in less time (half the time in comparison with the other methods). Considering the increase
in the yield percentage, and the decrease of the time needed, the addition of ethanol had a
positive effect in the overall extraction.

Ethanol, when used as a co-solvent, solubilized the CO2 and led to a decrease of the
viscosity of the mixture of solvents (CO2 + EtOH), and an increase of density [31,32]. The
combination of the solvents accelerated the extraction process, led to less usage of CO,
and, and enhanced the extraction yield. Additionally, the polar mixture of solvents led
to an increase of the extracted amount of polar and soluble compounds [22]. In general,
the usage of co-solvents may improve the extraction performance due to the enhanced
transport of solute [33].

Table 3. Extraction yields of Zingiber officinale Roscoe acquired under subcritical and supercritical
extraction using different extraction conditions.

Solvents Temperature (◦C) Pressure (Bar) Type of Biomass Time of Extraction (Min) Yield (%) ± SD

Propane 60 100 Primary 130 2.06 ± 0.01 abcde

CO2 60 150 Primary 140 1.54 ± 0.01 afghi

CO2 + EtOH 60 150 Primary 60 6.06 ± 0.01 bfjkl

CO2 + EtOH 60 150 Secondary (Used once in
scCO2) 40 6.42 ± 0.01 cgjmn

CO2 + EtOH 60 150 Secondary (Used once in
scCO2 + EtOH) 40 3.20 ± 0.01 dhkmo

CO2 + EtOH 60 150 Secondary (Used twice in
scCO2 + EtOH) 40 1.23 ± 0.01 eilno

SD: standard deviation, a–o: values in each column that share the same letter are significantly different from each
other (One-way Anova, p < 0.05).
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Table 4. Total phenolic content of Zingiber officinale Roscoe extracts acquired under different extraction
conditions (mg GAE 100 g−1).

Solvents Extraction Condition Type of Biomass Total Phenolic Content
(mg GAE 100 g−1) ± SD

Propane 100 bar/60 ◦C Primary 1.76 ± 0.42
CO2 150 bar/60 ◦C Primary 1.65 ± 0.27
CO2 + EtOH 150 bar/60 ◦C Primary 1.87 ± 0.18
CO2 + EtOH 150 bar/60 ◦C Secondary (Used once in scCO2) 1.47 ± 0.04 a

CO2 + EtOH 150 bar/60 ◦C Secondary (Used once in scCO2 + EtOH) 1.94 ± 0.08 a

CO2 + EtOH 150 bar/60 ◦C Secondary (Used twice in scCO2 + EtOH) 1.74 ± 0.05

SD: standard deviation, a: values in each column that share the same letter are significantly different from each
other (One-way Anova, p < 0.05).
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Figure 2. Extraction yield % of Zingiber officinale Roscoe extracts acquired under (a) scPropane
extraction, (b) scCO2 and (c) scCO2 +EtOH.
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Due to the enhanced performance of the scCO2 + EtOH extraction, when a secondary
biomass was used, high extraction yields were observed in all cases (Table 4, Figure 3).
Specifically, in the case of the scCO2 + EtOH extraction of the secondary biomass that was
used once before in scCO2 extraction, the extraction yield was significantly higher than
that of the primary biomass. CO2 behaves as a nonpolar solvent and presents with a low
extraction performance for polar compounds [34]. The co-solvent (EtOH) that was used
in the secondary biomass extraction had a positive influence on the extraction procedure,
since it lowered the viscosity of the solvents, increased the density, and altered the overall
polarity of the mixture of solvents, which led to the enhancement of the extraction yield.Molecules 2024, 29, x FOR PEER REVIEW 7 of 16 

 

 

 

 

 
Figure 3. Extraction yield % of Zingiber officinale Roscoe extracts acquired under scCO2 +EtOH, with 
secondary biomass, previously used at (a) scCO2 once, (b) scCO2 + EtOH once and (c) scCO2 + EtOH 
twice. 
Figure 3. Extraction yield % of Zingiber officinale Roscoe extracts acquired under scCO2 +EtOH, with
secondary biomass, previously used at (a) scCO2 once, (b) scCO2 + EtOH once and (c) scCO2 +
EtOH twice.

When the biomass, prior used in scCO2 + EtOH, was extracted in a multistep extraction
twice with scCO2 + EtOH, the extraction yield was lower than the primary biomass, but still
significant. Mainly, this was observed due to the high amounts of polar compounds that
the mixture of solvents obtained through the first extraction, and when only CO2 was left
in the chamber, the capability to extract polar compounds was minimized. In continuation,
when the extraction procedure was repeated, and the mixture of solvents renewed, their
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capability to extract those compounds improved once again and the extraction yield
remained significant.

High yield percentages for ginger have been reported by Mesomo et al., [15] and Me-
somo et al., [11] using CO2 and Propane as solvents, in various pressures and temperatures.
For CO2, the yield percentages ranged from 0.22% to 3.21%, and for Propane from 1.98% to
2.70%. For CO2, the pressure led to a positive effect on the yield, and for propane, both
pressure and temperature. Similarly, Salea et al., [35] using scCO2 in various conditions,
calculated a range of yields from 1.55% to 2.95%. That range was attributed to the variety
of pressure and temperature conditions used in each extraction.

Zancan et al. [36] performed scCO2 and scCO2 + EtOH, and did not observe significant
differences in the yield percentages between the two methods, but ethanol favored the
extraction of gingerols and shogaols.

2.3. Total Phenolic Contents and Antioxidant Capacity

Table 4 presents the total phenolic contents acquired through using different extraction
conditions and solvents, as well as both primary and secondary biomass. The total phenolic
contents were expressed as mg of gallic acid equivalent per 100 g of sample. In both the
primary and secondary biomass, similar total phenolic contents were observed, with the
highest being in scCO2 + EtOH using secondary biomass, which was formerly used in the
same type of extraction.

Stoilova et al., [37] found a total phenolic content of 871 mg/g dry extract acquired
through high pressure CO2 extraction.

A similar trend can be observed for the antioxidant capacity of the extracts (Table 5,
Figures S2 and S3). Overall, according to the IC50 values, the scCO2 + EtOH extract
presented the highest antioxidant activity, and the scCO2 extract the lowest.

Table 5. Antioxidant capacity of Zingiber officinale Roscoe extracts acquired under different extraction
conditions.

Solvents Extraction Condition Type of Biomass IC50 (µg mL−1) ± SD

Propane 100 bar/60 ◦C Primary 153.14 ± 0.21 abcde

CO2 150 bar/60 ◦C Primary 169.74 ± 5.16 afghi

CO2 + EtOH 150 bar/60 ◦C Primary 125.12 ± 3.32 bf

CO2 + EtOH 150 bar/60 ◦C Secondary (Used once in
scCO2) 131.83 ± 6.95 cg

CO2 + EtOH 150 bar/60 ◦C Secondary (Used once in
scCO2 + EtOH) 132.39 ± 1.91 dh

CO2 + EtOH 150 bar/60 ◦C Secondary (Used twice in
scCO2 + EtOH) 127.54 ± 3.32 ei

SD: standard deviation, a–i: values in each column that share the same letter are significantly different from each
other (One-way Anova, p < 0.05).

The antioxidant properties of ginger extracts obtained by different extraction methods
have been widely studied. Its antioxidant properties are due to compounds such as
gingerols, flavonoids, and phenolic acids [38].

Mesomo et al., [15] studying different conditions of supercritical extraction, observed
the highest antioxidant capacity with scCO2. Zancan et al. [36] observed that, when
no gingerols and shogaols were yet obtained by the extraction the antioxidant, activity
was much lower. Stoilova et al. [37] calculated the IC50 for inhibition of DPPH to be
0.64 µg mL−1.

2.4. GC-MS Analysis

Ginger includes both volatiles such as geraniol, borneol, terpineol, curcumene, zin-
giberol, α-farnesene, α-sesquiphellandrene, α- β-bisabolene, β-elemene etc., as well as
non-volatile compounds such as gingerols, shogaols, zingerone, and paradols [7]. The
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composition of ginger extracts and oils differ significantly. The bioactive compounds of
ginger essential oils are mainly monoterpenes and sesquiterpene hydrocarbons, and their
chemical composition depends on the nature (fresh/dry) and place of origin of the ginger
rhizome, as well as the extraction method employed [10]. They are also composed of
oxygenated hydrocarbon compounds including aldehydes, phenols, esters, oxide ethers,
alcohols, and ketones [10].

The chemical composition of the extracts/oils was determined by GC-MS analysis,
and all the compounds identified have been compiled and presented in Table 6 along with
their area percentage. The extracts obtained with all the tested systems were found to
have quite similar chemical compositions, and the main substances were a-zingiberene,
β-sesquiphellandrene, a-farnesene, β-bisabolene, zingerone, gingerol, a-curcumene, and
γ-muurolene. Similar compounds have also been identified in the literature [11,38–40]. In
the case of scPropane, some more compounds, i.e., monoterpenes and sesquiterpenes, were
identified but only in traces. When a primary biomass was used, Soxhlet with ethanol
extracted less compounds in comparison with scPropane, scCO2, and scCO2 + EtOH,
signifying the increased efficiency of such advanced extraction techniques.

Table 6. Chemical composition of ginger extracts (Type of biomass: Primary) using different extraction
methods (+:presence/% of total area).

Compounds Soxhlet/EtOH scPropane scCO2 scCO2 + EtOH

GC-MS (System 1)

Hexanal +(0.634%) +(0.736%) +(0.134%) +(1.054%)
Decanal +(1.830%) +(1.225%) +(0.934%) +(1.512%)

α-Terpineol +(0.550%) +(0.789%)
cis-Geraniol +(0.471%) +(1.269%) +(0.851%)

Geranial +(1.358%) +(0.678%)
Geraniol acetate +(0.390%) +(1.569%)
β-Bisabolene +(1.988%) +(2.002%) +(5.3147%)
a-Farnesene +(7.397%) +(6.919%) +(7.318%) +(8.003%)

a-Zingiberene +(45.072%) +(57.398%) +(52.105%) +(46.355%)
β-Sesquiphellandrene +(14.685%) +(13.542%) +(15.905%) +(17.111%)

γ-Cadinene +(2.486%) +(2.838%) +(3.094%)
Valencene +(1.544%) +(1.985%) +(2.072%)
Zingerone +(30.383%) +(11.394%) +(13.262%) +(13.842%)

GC-MS (System 2)

Cedrene +(0.885%) +(2.835%) +(1.285%)
γ-Patchoulene +(1.325%) +(1.984%)
a-Curcumene +(26.152%) +(28.745%) +(25.244%) +(22.418%)
Germacrene D +(2.568%)
γ-Muurolene +(22.562%) +(20.682%) +(16.854%)
α-Bergamotene +(1.862%)
α-Eudesmol +(1.859%) +(5.624%) +(2.856%) +(3.145%)

Gingerol +(40.152%) +(30.658%) +(29.745%)
Borneol +(3.452%)

(+)-Cycloisosativene +(3.526%)
Nerolidyl acetate +(5.125%) +(3.256%) +(2.256%)

γ-Elemene +(6.514%) +(3.652%)
β-Farnesene +(5.203%) +(7.418%)

(−)-allo-Aromadendrene +(3.215%) +(2.562%) +(1.523%)
α-Himachalene +(4.158%) +(3.052%)

Elemol +(3.103%)
γ-Gurjunene +(8.774%) +(6.135%)
γ-Eudesmol +(5.263%) +(2.365%) +(4.090%)

Cubenol +(2.259%)
Cedr-8-en-13-ol +(4.156%) +(4.526%)

Cubenol +(3.265%) +(3.269%)
Urs-12-en-28-ol +(2.598%) +(2.589%)

8-Isopropenyl-1,5-dimethyl-
1,5-cyclodecadiene +(3.256%)
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Our results regarding the main components are in agreement with the bibliogra-
phy [11]. Based on literature data, higher essential oil and β-zingiberene contents were
obtained for the dried ginger rhizome than that of the fresh ones. Moreover, the drying
method has been found to play a significant role in essential oil’s yield and its chemical
composition. Temperatures lower than 70 ◦C can increase the yield of ginger oil without
having any effect on the transformation of 6-gingerol to 6-shogaol [41].

It is noteworthy that most of the above-mentioned compounds were identified after
the reuse/recycling of the secondary biomass, highlighting the possibility to extract the
maximum value from the used biomass. In Table 7, the identified compounds of the
secondary biomass extractions are presented with their area percentage. After the first
extraction of the secondary biomass, the compounds identified were less in comparison
with the primary biomass’s identified compounds, but their area percentage was higher.

Table 7. Chemical composition of ginger extracts (Type of biomass: Secondary) using different and
sequential extraction methods (+: presence/% of total area).

Compounds scCO2 + EtOH after
scCO2

scCO2 + EtOH after
One scCO2+ EtOH

scCO2 + EtOH after
Two scCO2 + EtOH

GC-MS (System 1)

Hexanal +(0.720%)
a-Farnesene +(12.464%) + (9.598%)

a-Zingiberene +(48.558%) +(37.036%)
β- Sesquiphellandrene +(8.409%) +(5.637%)

γ-Cadinene +(16.834%) +(14.008%)
Zingerone +(13.015%) +(33.721%) +(100%)

GC-MS (System 2)

Cedrene +(1.526%)
a-Curcumene +(25.032%) +(24.195%)
γ-Muurolene +(14.012%) +(13.589%)
α-Bergamotene +(5.141%) +(6.524%)
α-Eudesmol +(2.154%) +(3.528%)

Gingerol +(52.135%) +(52.164%) +(100%)

The main identified compounds (a-zingiberene, β-sesquiphellandrene, a-farnesene,
β-bisabolene, zingerone, gingerol, and a-curcumene) that can be found in almost all of the
studied extracts have been previously reported to possess significant antioxidant properties.
This is in agreement with our results [42–47]. Badrunanto et al., [45] when studying the
antioxidant components of Indonesian ginger essential oil, observed that, amongst others,
a-zingiberene, β-sesquiphellandrene, a-farnesene, β-bisabolene, and a-curcumene, pre-
sented a high correlation with the antioxidant activity of the oil. Similarly, Misharina et al. [46]
highlighted the antioxidant activity of zingiberene, β-sesquiphellandrene and β-bisabolene.
Gingerol analogues have been associated with ginger extracts’ antioxidant activity [42,43,47].
Specifically, Danwilai et al. [42] studied the antioxidant activity of ginger extract oral
supplements in cancer patients who were receiving adjuvant chemotherapy. These supple-
ments contained 20 mg day−1 6-gingerol, and results found a significant increase regarding
antioxidant activity, and a decrease of oxidative marker levels. Moreover, Wang et al. [43]
observed that 10-gingerol presented with about 34.2% DPPH radical scavenging activity,
and 6-gingerol about 16.3%. Furthermore, they noticed that the antioxidant activity of those
ginger compounds contributed to the antimicrobial activity against Acinobacter baummannii
infections. 6-gingerol, 8-gingerol, and 10-gingerol’s antioxidant activity was studied by
Dugasani et al. [47], who observed that the DPPH scavenging potential was in the order
of 10-gingerol > 8-gingerol > 6-gingerol. Rajan et al. [44] studied zingerone’s antioxidant
activity using a DPPH free radical method, and observed a dose dependent increase of the
compound’s antioxidant activity.

In general, it is well reported in the literature that the components of ginger ex-
tracts/essential oils have significant bioactivities and health-promoting properties, and
thus can have applications in various sectors [7–11]. Based on literature data, ginger ex-
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tracts/oils containing most of the bioactive compounds found in the present have been
reported to have significant pharmacological, medicinal, and cosmetic applications, as they
have been found to possess antimicrobial and antiseptic activity, anti-carcinogenic potential,
neuroprotective activity, anti-obese activity, anti-diabetic effect, and analgesic activity as
well as provide cardiovascular protection [8,11]. Another significant application is in the
food industry, as the bioactive compounds of ginger can provide oxidative and storage
stability, sensorial properties, preservation, oxidative resistance, and anti-bacterial activity
in consuming products [7]. As well, another notable factor is its application in agriculture
for the control of plant diseases which minimizes simultaneously the possible negative
effects on the environment, animals, and human health [9,10].

3. Materials and Methods
3.1. Materials

Ethyl acetate (99.5%) was obtained from NEON comercial (Suzano, SP, Brazil), ethanol
(99.5%) from ACS CIENTIFICA (Sumare, SP, Brazil), hexane (98.5%) from exodo cientifica
(Sumare, SP, Brazil), CO2 (99.95%) and propane (99.5%) from White Martins S.A. (Curitiba,
PR, Brazil), Folin-Ciocalteu’s reagent from CARLOS ERBA REAGENTS (Val-de-Reuil,
France), Sodium carbonate anhydrous (>99.5%) from Fluka (Buchs, Switzerland), 1,1-
Diphenyl-2-picrylhydrazyl Free Radical (DPPH) from TCI EUROPE N.V. (Zwijndrecht,
Belgium), and gallic acid from Sigma Aldrich (Darmstadt, Germany). The Soxhlet extractor
was purchased from Qualividros (Passos, MG, Brazil).

3.2. Sample Preparation

Very fresh Zingiber officinale Roscoe rhizomes were purchased from the local market
at Curitiba, Brazil. After being transferred to the laboratory, the rhizomes were washed
carefully with water and cut into smaller sized pieces to dry evenly. After being dried at
30 ◦C with air circulation until the moisture content became less than 10% (Table 8), the
samples were grounded in a blender and stored in plastic bags until use.

Table 8. Moisture content of Zingiber officinale Roscoe before and after drying.

Sample Average Moisture Content (%) ± SD

Fresh 89.05 ± 1.20
Dried 8.96 ± 0.22

SD: standard deviation.

3.3. Soxhlet Extraction

Soxhlet extraction was performed according to the AOAC [48] method. Briefly, 5 g of
biomass and 150 mL of solvent were used in each extraction. The total duration was 6 h,
using different temperatures depending on the solvent (Table 1). Specifically, the extractions
took place at each solvent’s boiling point. The solvents used were ethyl acetate, ethanol,
hexane, and water and, in each case, the procedure was repeated three times. A rotary
vacuum evaporator (IKA RV 10 combined with IKA HB 10-IKA, Campinas, SP, Brazil) was
used to concentrate the Soxhlet extracts, and they were then dried in an air circulation oven
at 40 ◦C for about 24 h. The extraction yields were calculated with the Equation (1):

Yield (%) = [mass of dried extract (g)/initial mass of biomass (g)] × 100 (1)

3.4. Sub- and Supercritical Extraction

Sub- and supercritical extractions were performed at an extraction unit (inner volume
80 cm3, length 16 cm and ∅ = 2.52 cm) which consisted of the extractor and a syringe
pump. Additionally, the extraction system was equipped with pressure and temperature
sensors in order to monitor the conditions. A thermostatic bath was attached to the system
to better control the temperature. Furthermore, a needle valve controlled the flow inside
the extractor, which was directly proportional to the pressure. The extractor was loaded
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with 10–15 g of biomass. In the cases a co-solvent was used, its mass was 20–25 g. The
temperature was set at 60 ◦C. For the scPropane extraction, the pressure was set at 100 bar,
and for the scCO2 and scCO2 +EtOH extraction the pressure was set at 150 bar. The CO2
or the propane was loaded in the vessel until the desired pressure was achieved. In the
beginning of each extraction process, a 30 min static extraction was performed, and after
that a dynamic extraction was carried out with a flow rate of approximately 1–2 mL min−1.
The dynamic extraction ended when no more extract was collected in the sampling tubes.
The extraction yields were calculated by the Equation (1).

Extraction of the used primary biomass was also performed to evaluate the possibility
of obtaining compounds of interest even with secondary biomass. Specifically, biomass
prior used in scCO2 extraction was extracted a second time using scCO2 + EtOH. More-
over, a multistep approach was performed for the primary biomass that was used in
scCO2 + EtOH, which then was extracted again twice with scCO2 + EtOH.

3.5. Total Phenolic Contents and Antioxidant Capacity

The total phenolic contents were determined using the Folin-Ciocalteu method as
described by Box, 1983 [49]. Briefly, 5 mL of 10 µg mL−1 extract diluted in ethanol was
added in glass bottles with 0.25 mL of Folin-Ciocalteu Reagent. After gentle stirring and
2 min of waiting, 0.75 mL of Na2CO3 200 g L−1 was added and the solution was left in the
dark for 1 h. The absorbance was measured at 765 nm in a Hitachi U2000 Spectrophotometer
(Hitachi, Ltd., Santa Clara, CA, USA). The results were calculated using a calibration curve
of gallic acid (0.5–10 mg L−1), and expressed as mg of gallic acid equivalents per 100 g
of sample.

The free radical quenching ability of the extracts was determined using the DPPH
reagent, as described by Mensor et al. [50]. Briefly, 2.5 mL of extract diluted in ethanol
in concentrations ranging from 5 to 250 µg mL−1 (apart from the extract from Soxhlet
that water was used as solvent, where the concentrations were ranging between 5 and
1000 µg mL−1, because of the low antioxidant capacity it presented) and DPPH in a final
concentration of 0.3 mM were mixed. After 30 min in the dark, the absorbance was
measured at 518 nm (Hitachi U2000 Spectrophotometer). The antioxidant capacity (AC)
was calculated using the equation:

AC (%) = 100 − {[(abssample − absblank) × 100]/abscontrol} (2)

where abssample is the absorbance of the solution consisting of the extract, DPPH, and
ethanol, absblank the absorbance of the extract and ethanol, and abscontrol the absorbance of
DPPH and ethanol.

After the results were plotted, the concentration (µg mL−1) of each extract needed to
inhibit 50% (IC50) of radicals’ production was calculated by linear regression.

3.6. Statistics

Significant differences in the yield percentages, total phenolic contents and IC50 values
were assessed by post-hoc multiple comparison tests (Bonferroni test, p < 0.05, ANOVA)
using the IBM SPSS statistics Inc. (Version: 28.0.1.0 (142)) software package.

3.7. GC-MS Analysis

Analysis of the samples (injection volume 1 µL) were performed using two GC-MS
systems. The first system was composed of an Agilent 6890 Series GC system and an
Agilent 5973 Network mass selective detector (MSD) (Agilent Technologies, Santa Clara,
CA, USA). The second system was an Agilent 5975B inert MSD integrated to an Agilent
6890N Network GC (Agilent Technologies, Santa Clara, CA, USA). More information about
the analytical columns, the temperature programs, and the conditions adopted in the MSD
are reported in Supplementary Materials. Enhanced Data Analysis software was used
for the analysis of the chromatograms, and NIST MS Search 2.0 software was used for
compound identification.
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4. Conclusions

In this work, compressed solvents technology was investigated for the extraction of
high value products from Zingiber officinale Roscoe. Soxhlet extraction was used in prelim-
inary experiments for the selection of the most appropriate co-solvent for scCO2. Using
Soxhlet extraction, the highest yields were observed when water and ethanol were used, i.e.,
17.93% and 17.7%, respectively. Ethanol was selected as the co-solvent for the supercritical
extraction due to its high yield percentage, total phenolic content, and antioxidant capacity.
When compressed solvents were used, the most efficient was scCO2 + ethanol, reaching
about 6% extraction yield. High antioxidant activity was also observed for the ginger
extracts in all cases.

The proposed procedure for the extraction of the secondary biomass used CO2 and
ethanol as co-solvents, resulting in high extraction yields (reaching 6.42%) and an acceler-
ated extraction time. Except the high extraction yields, another advantage of the reusage of
the biomass is that, even after two extractions, high value bioactive compounds, such as
zingerone and gingerol, were detected, and the extracts presented high antioxidant capacity
with IC50 values up to 132.39 µg mL−1.

The extracts obtained with all the tested methods presented similar chemical com-
positions, and the most abundant substances were a-zingiberene, β-sesquiphellandrene,
a-farnesene, β-bisabolene, zingerone, gingerol, a-curcumene, and γ-muurolene. All these
compounds present beneficial properties and can have real applications in various sectors,
such as the food and pharmaceutical industries. After the first reuse, high value compounds
were identified as well, similar to those of the primary biomass. Taking into consideration
the high yield percentages and the antioxidant capacity, as well as the chemical composition,
it is safe to conclude that the addition of ethanol as a co-solvent in the scCO2 extraction
had a positive effect both in the extraction of the primary biomass and in the secondary
biomass extraction. Based on the results, the reuse of a secondary biomass (raw material)
presents high significance. Indeed, the maximum utilization of biomass can contribute to
the achievement of the goals of circular economy. Furthermore, although not tested in this
work, the residual biomass after the secondary extraction could potentially be used as a raw
fertilizing/pest repelling compound, enhancing the soils that are employed in agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules29040871/s1, Supplementary Materials S1. GC-MS Analysis,
Figure S1: Antioxidant capacity (%) of Zingiber officinale Roscoe extracts (µg mL−1) acquired under
Soxhlet extraction using (a) ethyl acetate, (b) ethanol, (c) hexane and (d) water as solvents. Figure S2:
Antioxidant capacity (%) of Zingiber officinale Roscoe extracts (µg mL−1) acquired under (a) scPropane
extraction, (b) scCO2 and (c) scCO2 +EtOH. Figure S3: Antioxidant capacity (%) of Zingiber officinale
Roscoe extracts (µg mL−1) acquired under scCO2 +EtOH, with biomass previously used at (a) scCO2
once, (b) scCO2 +EtOH once and (c) scCO2 +EtOH twice.
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Abstract: This study investigates the potential of two algae species from different genera, namely
the recently isolated Scenedesmus obliquus BGP and Porphyridium cruentum, from the perspective of
their integral sustainable transformation to valuable substances. Conventional Soxhlet and environ-
mentally friendly supercritical fluid extraction were applied to recover oils from the species. The
extracts were characterized through analytical techniques, such as GC-Fid and LC-MS/MS, which
allowed their qualitative and quantitative differentiation. Thus, P. cruentum oils contained up to
43% C20:4 and C20:5 fatty acids, while those of S. obliquus BGP had only residual amounts. The
LC-MS/MS analysis of phenolic compounds in the S. obliquus BGP and P. cruentum extracts showed
higher content of 3-OH-4-methoxybenzoic acid and kaempferol 3-O-glycoside in the former and
higher amounts of ferulic acid in the latter. Total phenolic content and antioxidant activity of the
oils were also determined and compared. The compositional analysis of the oil extracts revealed
significant differences and varying potentialities based on their genera and method of extraction.
To the best of our knowledge our work is unique in providing such detailed information about the
transformation prospects of the two algae species to high-value chemicals and bioproducts.

Keywords: microalgae; Scenedesmus obliquus BGP; Porphyridium cruentum; supercritical extraction;
fatty acids; total phenolic content; antioxidant activity

1. Introduction

Microalgae, as a biological resource, have drawn considerable interest in the last years,
particularly since they were granted the GRAS (Generally Recognized As Safe) status.
Consequently, an avenue for using them as sustainable and appealing green factories
for valuable compounds of nutritional and health benefits was widely opened. Moreover,
unlike any other crop, they are known to have the lowest carbon, water, and arable footprint.
Still, compared with other organisms, microalgae are not that well examined and studied,
since just a few among the tens of thousands of microalgae species that exist worldwide
have been described [1].

In compliance with the concept of circular economy, the development of effective and
efficient biorefineries capable of producing ultra-low-footprint and high-value biochemicals
from sustainable sources is essential. A biorefinery integrates various processes to transform
biomass to high-added-value energy and non-energy-related compounds. Microalgal
biomass is an underutilized resource with enormous commercial potential, as compared to
terrestrial plants, due to their abundance.

The beneficial biomolecules accumulated by microalgae are widely applicable in differ-
ent industrial fields such as nutritional, pharmaceutical, medicinal, cosmetic, etc. Among
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the most widely exploited in industry microalgae are the red ones, especially from the
Porphyridium genus. They are known to produce several classes of essential compounds
like long-chain polyunsaturated fatty acids (PUFA), exopolysaccharides, pigments, antioxi-
dants, and various microelements. PUFAs contain low cholesterol levels and are important
substances, especially for human well-being, as they contribute to cardiovascular, eye, and
brain maintenance. For example, Porphyridium spp. are reported to synthesize omega
3 eicosapentaenoic (EPA, 20:5), docosahexaenoic (DHA, 22:6), and omega 6 arachidonic
(ARA, 20:4) acids, which the human body is incapable of producing [1,2].

The recovery of valuable bioactives from microalgae by applying conventional and
non-conventional methods has been a topic of extensive research in the past years. The
methods examined include traditional extraction with an organic solvent (solid–liquid,
Soxhlet, maceration), ultrasound, and microwave assisted extractions, as well as extractions
applying compressed fluids, e.g., supercritical CO2 (scCO2) neat or with a co-solvent, as
well as pressurized liquid extraction, etc. Details are published in a number of review
articles, for example, [3,4], as well as research papers [2,5,6].

The main aim of our investigation was to compare two algal species of different genera
from the perspective of their sustainable transformation to high-value substances with
potential applications in the food, nutra-, pharmaceutical, energy, etc., industries.

As model targets, representatives of the genus Scenedesmus (green algae) and the genus
Porphyridium (red algae) were chosen.

The selection of the two genera was motivated and substantiated since:

- Scenedesmus species are freshwater algae, which exhibit high growth rates, multiply
quickly, adapt easily to changing conditions, and hence are suitable for semi-industrial
and industrial cultivation. These algae are high in nutrition and synthesize biologically
active substances such as carotenoids, chlorophylls, mycosporin-like amino acids, and
polyphenols, with antioxidant and antiviral potential.

- The algae of the genus Porphyridium are representatives of a totally different group of
marine deep-sea algae, which are characterized by a pigment composition different
from that of green algae. Furthermore, they are rich sources of unique polyunsaturated
fatty acids, carotenes, phycobiliproteins, amino acids, and minerals such as Ca, Mg,
Zn, and K [7].

- These genera are interesting and challenging in their own right and provide examples
of the generic issues to be faced when realizing any one-feed/multi-product biorefin-
ery targeting the sustainable transformation of a biomass to valuables and bioactives
with applications in various industries.

As representatives of the two genera, the green algae Scenedesmus obliquus BGP, a
recently isolated Bulgarian strain, and the red algae Porphyridium cruentum were chosen.

Application of traditional techniques for recovering valuable compounds from S. obliquus
BGP has been very limited, resulting in insufficient data. To gain insights into their
performance potential for obtaining bioactives, secondary metabolites, and other important
compounds sustainably, it is crucial to use advanced environmentally friendly techniques
like supercritical fluid extraction, the efficiency and viability of which can be compared to
traditional methods such as Soxhlet. Thus, new opportunities for obtaining high-quality
extracts rich in valuable compounds from S. obliquus BGP will be uncovered.

Since the extraction method specificity (including types of solvents/co-solvents ap-
plied, etc.) is among the most important factors, the impact of the techniques employed on
the yield and on the composition of selected oils was analyzed.

Thus, the comparison was based on essential indicators such as: (i) fatty acid com-
position from FAME GC-FID, (ii) identification and quantification of antioxidants by LC-
MS/MS, (iii) total phenolic content (TPC) and antioxidant activity (AA), and (iv) several
additional parameters and indices. The new data and information obtained allow us to
reveal the two strains’ importance and potential for sustainable utilization in the food, food
supplements, pharmaceutical, cosmetics, energy, etc., industries.
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To the best of our knowledge, no such detailed comparison of strains belonging
to different genera, neither in terms of depth nor extent, as presented by us, has been
published before.

2. Results and Discussion

This section starts with a brief comparison of the biochemical composition of the two
species with data from the literature. Then, the efficiencies of the conventional Soxhlet and
extractions with supercritical CO2 (scCO2), both neat and with a co-solvent, are compared
based on yield. The influence of operating conditions (solvents, temperature, and pressure)
is discussed as well. Subsequently, the chemical composition, total phenolic content (TPC),
and antioxidant activity (AA) of certain extracts are presented.

Biochemical composition

Our previous results [8] demonstrated that the recently identified S. obliquus BGP
synthesizes considerable amounts of proteins, carbohydrates, and lipids. In particular,
with regard to the latter, the strain is one of the top lipid producers among the Scenedesmus
genus species reported in the literature. Other authors have also analyzed the biochemical
composition of S. obliquus. For example, in [9], the protein, lipids, and carbohydrates
percent reported were 52.00, 9.70, and 7.90%, respectively, while the data of Silva et al. [10]
showed that they were 37.15, 10.29, 21.93% and for the three biochemical groups. In another
work [11], comparing the composition of S. obliquus with Selenastrum bibraianum the former
was proved to have the highest lipid (42.6 ± 0.01%) and carbohydrate content (27.7 ± 0.02%)
when cultured in Bristol media under control conditions.

Regarding P. cruentum, in their recent contribution, Ardiles et al. [12] compared the
strain biochemical composition, determined by them, with the data of [13,14]. For example,
the lipids content has been reported in wide ranges: 14.67 ± 0.24 (%, w/w) [12], 9–14
(% w/w) [13], and 5.3 ± 0.3 (% w/w) [14].

The qualitative deviations between the biochemical composition of P. cruentum and
S. obliquus BGP determined by us and those shown in the literature are considerable in
some cases. Still, it should be underlined that the amounts of the chemical species identified
depend greatly not only on the cultivation conditions but also the strain. For example, it
has been demonstrated that Scenedesmus spp. can accumulate lipids in the range of 15–40%
of their dry matter [3]. However, when high stress levels are inflicted during cultivation,
microalgae can accumulate lipids as high as 70–90% of their dry matter.

2.1. Extraction Yield
2.1.1. Soxhlet Extractions

The extraction yields achieved by one- and two-step Soxhlet extraction are given in
Table 1. Considering the results of the compositional analysis of P. cruentum, which showed
a low content of lipids, the low yield of the first step Soxhlet with n-hexane was expected
(Table 1). On the other end is the yield achieved by the second-step Soxhlet with ethanol
performed on the P. cruentum residual matrix, which was over 1.7-times higher than the
respective one for the S. obliquus BGP.

Table 1. Influence of the type of Soxhlet method and solvent on the extraction yield of the two algal
species.

Extraction Method
Extraction Conditions S. obliquus BGP P. cruentum

Solvent Temperature (◦C) Extraction Yield (wt %) Extraction Yield (wt %)

Soxhlet ethanol 78 23.6 ± 1.1 26.5 ± 1.15

Two-step Soxhlet n-hexane (step 1)
ethanol (step 2)

68
78

11.1 ± 0.5
16.9 ± 0.84

Cumulative yield: 28

2.57 ± 0.14
29.52 ± 1.47

Cumulative yield: 32

Extraction yield expressed in wt % (mean ± standard deviation).
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Those results are not surprising since, as discussed in [15], the impact of solvent and
extraction methods on the various lipidic classes recovery is considerable.

Considering that freshwater algae such as S. obliquus are generally rich in neutral
and medium-chain PUFAs, like C16 and C18, while marine algae are rich in long-chain
polar PUFAs (e.g., C20 and C22), the higher yield obtained from the second step Soxhlet of
P. cruentum is due to the use of polar GRAS solvent ethanol, which enhances the recovery
of polar PUFAs.

2.1.2. Supercritical Fluid Extraction (SFE)

SFE, as an advanced green technique, is widely applied to recover valuables from
microalgae. For example, Tzima et al. [4], in their extensive and in-depth review, analyzed
over 100 articles reporting SFE of carotenoids, chlorophylls, tocopherols, lipids, and fatty
acids from microalgae, with a special section devoted to the genera Scenedesmus and certain
S. obliquus species.

In another recent paper, the efficiencies of conventional, microwave-assisted, and SFE
to recover bioactives from S. obliquus were compared [9], and it was shown that the results
for the solid/liquid and microwave-assisted extractions were comparable, while in the SFE
extraction, the lowest yield of bioactives was achieved. On the other hand, the SFE resulted
in increased carotenoid content and enhanced antioxidant activity. Gilbert-Lopez et al. [16]
examined the SFE by neat CO2 of S. obliquus, while Guedes et al. [17] investigated the
influence of pressure, temperature, CO2 flow rate, and a polar co-solvent on the yields of
carotenoids and chlorophylls in the SFE of a wild strain of S. obliquus. As reported in [18],
the SFE extracts were rich in tricylglycerides but with low carotenoids and chlorophyll
content in comparison with the gas-expanded liquid extraction [16].

With regard to P. cruentum recovery of polyunsaturated fatty acids (PUFAs), and
total carotenoids from that strain by scCO2 and subcritical n-butane was explored by
Feller et al. [19]. Ardiles et al. [12] applied conventional methods like maceration and
freeze/thaw, as well as microwave and ultrasound, for the recovery of phycoerythrin
(PE) from P. cruentum and P. purpureum. Gallego et al. [5] advocated a green downstream
approach to the valorization of P. cruentum biomass, applying pressurized liquids.

The yield of S. obliquus BGP achieved in our study applying neat scCO2, as a function
of temperature and pressure, is plotted vs. the extraction time and is displayed in Figure 1.
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Figure 1. Cumulative extraction yield curves representing the influence of temperature and pressure
on the S. obliquus BGP yield as a function of time.

In all cases studied, the yield was low and varied in the range of 1.12–1.96%. For both
pressures applied, the negative influence of temperature was clearly demonstrated—lowest
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yields were registered at the highest temperature applied of 60 ◦C. The highest yield with
neat scCO2 was obtained at 40 ◦C and 400 bar.

Our results compare reasonably well with the results of Georgiopoulou et al. [9] who
performed SFE of S. obliquus at T = (40, 50, 60) ◦C and p = (110; 250) bar and achieved a
yield with neat scCO2 in the range of 0.98–4.20%, as well with those of [16], where the
temperatures applied are analogous to ours but the pressures were varied in the range
p = (100; 250; 400) bar. The highest yield obtained was 1.15% at T = 40 ◦C and p = 400 bar.

SFE with neat scCO2 of P. cruentum was not performed since the strain showed a low
content of lipids, which was confirmed by the very low yield of the first-step Soxhlet with
n-hexane achieved (Table 1).

Next, the influence of 10% ethanol as a co-solvent on the extraction yield was studied
for both species. Based on the results obtained for S. obliquus BGP with neat scCO2, the
operating parameters chosen were p = 400 bar and T = (40, 60) ◦C, respectively.

In the case of S. obliquus BGP, the yield was increased considerably, and the influence
of temperature exhibited a trend opposite to that displayed in the case of neat scCO2. Thus,
the highest yield (12.29%) was achieved at 60 ◦C. However, it was about two-times lower
than one-step Soxhlet ethanol extraction. At 40 ◦C, the yield was lower but commensurable
with that at 60 ◦C (10.33%). Georgiopoulou et al. also used 10% ethanol as a cosolvent at
60 ◦C and 250 bar and reported a yield of 9.75% [9]. The cumulative experimental kinetic
extraction curves plotted vs. the extraction time for S. obliquus are displayed in Figure 2.
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For P. cruentum, the influence of pressure was first studied at 40 ◦C, with 10% co-
solvent ethanol and a scCO2 flow rate of 1 L/min. As shown (Figure 3), the highest yield
registered was 1.93% at p = 400 bar, while the lowest was 1.04% at the highest pressure
applied. Our initial expectations that the presence of the co-solvent would increase yields
to values, if not commensurable then at least not that lower than the Soxhlet ethanol
extraction, were not fulfilled. The reasons behind that assumption were that since the strain
cellular walls were not as thick as those of S. obliquus BGP, the application of relatively
high pressures and a co-solvent enhanced the mass transfer, which resulted in higher yield
values. Still, the highest yield attained was almost 20-times lower than the one-step Soxhlet
ethanol extraction. Gallego et al. [5] used pressurized ethanol (105 bars) at a wide range of
temperatures (from 50 to 150 ◦C) and 20 min extraction time and reported increasing yields
with increasing temperature—from 3.12 to 11.36%.

Though a direct comparison with our results cannot be made, the maximum yield
registered by us at 10% ethanol is commensurable with the lowest value at 50 ◦C reported
by Gallego et al. [5].
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Figure 3. Cumulative extraction yield curves representing the influence of pressure at 40 ◦C, 10%
cosolvent ethanol, and 1 L/min flow rate on the P. cruentum yield as a function of time.

Then, the influence of temperature at 400 bar was examined. Two temperatures were
applied, T = 40 and 60 ◦C, respectively, at a 1 L/min scCO2 flow rate. The trend was
clear-cut—the higher temperature had a negative effect on the yield, as shown in Figure 4.
Also, as demonstrated, the two-times-lower scCO2 flow rate at 40 ◦C and 400 bar rendered
a lower yield (1.33% vs. 1.96%) and required a longer time to achieve it.
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Figure 4. Cumulative extraction yield curves show the effect of temperature at 400 bar and 10%
ethanol on P. cruentum yield over time, with flow rate variation.

2.2. Extracts Quali- and Quantification
2.2.1. GC-FID

Microalgae produce saturated and unsaturated fatty acids. Saturated fatty acids can be
bio-transformed to biofuels, while unsaturated fatty acids are used in food, nutraceuticals,
pharmaceuticals, cosmetics, etc. Since non-polar solvents (e.g., n-hexane) are best for the
extraction of neutral saponifiable lipids, while polar solvents like ethanol perform better
in the recovery of more polar lipids, two-step Soxhlet procedure was applied. In the first
step, mainly neutral lipids extracted by n-hexane should be recovered and identified in
the oils, while ethanol in the second step should extract the polar lipids from the residual
biomass. Still, it should be underlined that in microalgal cells, the two types of lipids are
not completely isolated, and in many cases, the application of polar solvents leads to the
joint extraction of neutral and polar lipids.

The GC-FID results of the S. obliquus BGP and P. cruentum oils recovered by the two-
step Soxhlet are displayed in Table 2. The results from the Soxhlet ethanol extractions
showed a higher relative percentage of saturated (SFAs) and a lower percentage of unsat-
urated (mono-, di- and polyunsaturated—MUFAs, DUFAs, PUFAs) fatty acids in the red
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microalgae when compared to the green one (Table 2). Palmitic acid (C16:0) was dominant
in the SFA percentage, both for the green and red strains.

Table 2. Fatty acid composition from FAME GC-FID analysis of S. obliquus BGP and P. cruentum
Soxhlet oil extracts, expressed as relative percent of total fatty acids identified.

Fatty Acids

Soxhlet extraction

S. obliquus BGP P. cruentum

96% EtOH First Step n-Hexane Second Step 96%
EtOH 96% EtOH First Step n-Hexane Second Step 96%

EtOH

C12:0 traces 1.0 ± 0.07 traces nd 0.1 ± 0.01 nd
C14:0 0.2 ± 0.01 0.5 ± 0.03 0.2 ± 0.01 0.3 ± 0.02 0.3 ± 0.01 0.2 ± 0.01
C15:0 0.1 ± 0.01 0.1 ± 0.01 0.1 ± 0.01 0.3 ± 0.03 0.2 ± 0.01 0.2 ± 0.02
C16:0 22.3 ± 0.7 18.8 ± 0.6 24.1 ± 0.9 37.8 ± 0.9 23.6 ± 0.7 33.9 ± 0.8

C16:1-isom 5.0 ± 0.5 3.8 ± 0.1 5.7 ± 0.6 1.7 ± 0.1 1.2 ± 0.09 1.6 ± 0.1
C16:2 3.1 ± 0.1 2.6 ± 0.2 3.6 ± 0.5 nd 0.2 ± 0.01 0.2 ± 0.01
C16:3 3.0 ± 0.4 2.4 ± 0.2 3.5 ± 0.4 nd nd nd
C16:4 2.4 ± 0.2 1.7 ± 0.1 3.0 ± 0.3 nd nd nd
C17:0 0.2 ± 0.02 0.2 ± 0.01 0.3 ± 0.02 0.2 ± 0.01 0.2 ± 0.02 0.1 ± 0.01
C18:0 2.7 ± 0.3 3.2 ± 0.4 2.2 ± 0.3 1.0 ± 0.1 0.9 ± 0.03 0.6 ± 0.02

C18:1 (n-9) 32.8 ± 0.7 38.7 ± 0.9 27.6 ± 0.8 3.5 ± 0.4 4.5 ± 0.5 2.5 ± 0.3
C18:1 (n-7) 0.7 ± 0.02 0.6 ± 0.01 0.8 ± 0.03 1.3 ± 0.5 0.7 ± 0.03 0.7 ± 0.03
C18:2 (n-6) 14.3 ± 0.5 13.5 ± 0.4 14.8 ± 0.4 15.2 ± 0.5 21.2 ± 0.5 14.9 ± 0.6
C18:3 (n-6) 0.8 ± 0.04 0.6 ± 0.02 1.0 ± 0.04 0.2 ± 0.01 0.5 ± 0.03 0.3 ± 0.03
C18:3 (n-3) 9.5 ± 0.8 9.1 ± 0.7 9.9 ± 0.8 0.5 ± 0.02 0.3 ± 0.01 0.3 ± 0.01

C18:4 1.9 ± 0.1 1.9 ± 0.2 2.0 ± 0.2 nd nd nd
C20:0 0.1 ± 0.01 0.1 ± 0.01 0.1 ± 0.01 nd nd nd
C20:1 0.3 ± 0.01 0.4 ± 0.03 0.4 ± 0.01 0.2 ± 0.01 nd nd
C20:2 nd nd nd 2.6 ± 0.3 1.0 ± 0.4 1.7 ± 0.5

C20:3-isom nd nd nd 1.9 ± 0.3 2.2 ± 0.7 1.5 ± 0.4
C20:4 nd nd nd 23.6 ± 0.8 34.8 ± 0.9 31.4 ± 0.9
C20:5 nd nd nd 9.7 ± 0.6 8.1 ± 0.5 9.9 ± 0.9
C22:0 0.2 ± 0.01 0.6 ± 0.04 0.3 ± 0.01 nd nd nd
C22:1 0.4 ± 0.01 0.2 ± 0.01 0.4 ± 0.02 nd nd nd
SFA 25.8 24.5 27.3 39.6 25.3 35.0

MUFA 39.2 43.7 34.9 6.7 6.4 4.8
DUFA 17.4 16.1 18.4 17.8 22.4 16.8
PUFA 17.6 15.7 19.4 35.9 45.9 43.4

PUFA:SFA 1.03 1.02 1.04 1.36 2.69 1.71

nd—not detected.

For the three S. obliquus BGP oils analyzed, the percentages of SFAs, and ∑ MUFA
+ DUFA + PUFA did not differ substantially, while for P. cruentum, the lowest relative
percentage of SFA (respectively, the highest ∑ MUFA + DUFA + PUFA) was detected in
the oil recovered by the first-step Soxhlet n-hexane. Soxhlet with ethanol and second-step
Soxhlet for that strain produced more or less commensurable percentages.

A more comprehensive examination of the results shows that the contribution of the
MUFA, DUFA, and PUFA in the sum of unsaturated fatty acids was completely different
for both strains. For example, the percentage of the nonpolar oleic acid (C18:1 ω9) was
the highest contributor to the MUFAs % of S. obliquus. The highest relative percent
was achieved by Soxhlet n-hexane, which was over nine-times higher than that of the
corresponding P. cruentum oil recovered. Consequently, the MUFAs percentage in the
S. obliquus oils was almost eight-times higher than that detected in the P. cruentum. On the
other end is the PUFAs percentage —for P. cruentum, they were the dominant ones—almost
three-times higher than the corresponding ones for S. obliquus.

Another interesting detail is that oils of both strains were relatively rich in linoleic acid
(LA, C18:2ω6) with commensurable relative percents in the range of 13.5–15.2%, with the
Soxhlet n-hexane P. cruentum oil being the only exception, for which about 21% of LA was
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detected. The percentages of γ-linolenic acid (GLA C18:3 ω6) in all extracts of both strains
were quite low, while for alpha linoleic acid (ALA C18:3ω3), the trend was different—its
relative percentages in all S. obliquus BGP extracts examined, though not very high, were
still from 19 to 33 times higher than the corresponding ones in P. cruentum oils.

It is well known that the genus Porphyridium synthesizes the nutritionally important
PUFAs eicosapentaenoic acid (EPA, 20:5 ω-3) and arachidonic acid (AA, 20:4 ω-6), the
quantities of which, in certain strains, can comprise more than 40% of the total fatty acids.

In the extracts of the particular P. cruentum strain we studied, the highest percentages
of AA were registered in the oils recovered by the first and second steps of Soxhlet (with
n-hexane and ethanol, respectively). It should be noted that the AA percentage identified in
the first-step Soxhlet was the second highest in all oils examined, being lower only than the
percentage of the C16:0 obtained by Soxhlet ethanol. The relative percentages of EPA were
over two-times lower than those of AA. Neither PUFAs were detected in the S. obliquus
BGP oils.

As known, LA is an essential fatty acid that is not synthesized in the human body and
should be provided by food. Its importance is further increased by the fact that humans can
synthesize AA from LA. In this sense, both S. obliquus BGP and P. cruentum can be used as a
sustainable source of LA. In addition, AA is important for human cell functioning since its
metabolic breakdown leads to an enhanced production of prostaglandin E2, a hormone-like
substance which takes part in a variety of bodily functions [17].

Hence, the ability of P. cruentum to synthesize AA and EPA (the first in high amounts)
defines the strain as a promising alternative to oils from fish and land-based plant sources,
since both acids are used to enrich functional foods.

The S. obliquus BGP and P. cruentum oils recovered by scCO2 + 10% ethanol as a co-
solvent performed at the operating conditions for which the maximum yield was achieved
were also analyzed by GC-FID, and the results obtained are displayed in Table 3.

The P. cruentum oil obtained by scCO2 + ethanol again showed higher relative percent-
age of SFAs when compared to the S. oblicuus one, with C16:0 being the major contributor.

In complete analogy to the Soxhlet extracted oils, the percentage of oleic acid was the
highest contributor to the MUFAs percentage of S. obliquus. As should be expected, its
percentage was commensurable only with that detected in the second-step Soxhlet + ethanol
but considerably lower than the first-step Soxhlet, and again over nine-times higher than
that of the corresponding P. cruentum oil recovered.

With regard to the important AA and EPA, the relative percentage of the first was
lower than that registered by Soxhlet ethanol, while the second was higher. Again, in the
S. obliquus BGP oils, those acids were not detected. Yet one additional interesting result was
that while the PUFAs percentage of P. cruentum oils was within the percentages achieved
by Soxhlet, for the S. obliquus, an almost twice higher percentage of PUFAs was achieved
when compared to the Soxhlet (see Table 2 and Table 3, respectively). Concerning DUFA,
their percentages were comparable for both species.

Tables 2 and 3 also show the PUFA: SFA ratios. It should be noted that the DUFAs
C18:2 and C20:2 were taken into consideration when calculating those ratios since linolenic
acid is an important essential acid, while eicosadienoic acid, though rare, is known to
modulate the metabolism of other PUFAs.

It is hypothesized that all PUFAs in the diet can depress low-density lipoprotein
cholesterol (LDL-C) and lower serum cholesterol levels, whereas all SFAs contribute to
high levels of the latter. The results of a recent clinical study confirm the positive influence
of PUFAs on high-density lipoprotein cholesterol (HDL-C) levels and total cholesterol—the
levels of the former were increased, while those of the latter decreased [20].

The World Health Organization (WHO) reported the guidelines for a “balanced diet”,
in which the suggested ratio of PUFA: SFA is above 0.4 [21]. WHO also recommends that
the proportions of SFA, MUFA, and PUFA in dietary fats should be 1:1.5:1 [22] in order to
avoid the risk of developing cardiovascular and other chronic diseases.
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Table 3. Fatty acid composition from FAME GC-FID analysis of S. obliquus BGP and P. cruentum
scCO2 + ethanol oil extracts, expressed as the relative percent of total fatty acids identified.

Fatty Acids
S. obliquus BGP P. cruentum

400 Bar, 40 ◦C, 10% EtOH 400 Bar, 40 ◦C, 10% EtOH

C12:0 nd 0.7 ± 0.03
C14:0 0.2 ± 0.01 0.4 ± 0.01
C15:0 0.1 ± 0.01 0.3 ± 0.02
C16:0 18.6 ± 0.4 29.0 ± 0.6

C16:1-isom 2.9 ± 0.2 1.2 ± 0.1
C16:2 2.5 ± 0.1 nd
C16:3 3.7 ± 0.3 nd
C16:4 5.9 ± 0.3 nd
C17:0 0.1 ± 0.01 0.2 ± 0.01
C18:0 1.6 ± 0.09 1.1 ± 0.09

C18:1 (n-9) 28.6 ± 0.7 3.3 ± 0.3
C18:1 (n-7) 0.9 ± 0.07 0.8 ± 0.05
C18:2 (n-6) 11.6 ± 0.3 17.5 ± 0.4
C18:3 (n-6) 0.4 ± 0.03 0.3 ± 0.02
C18:3 (n-3) 19.1 ± 0.8 0.2 ± 0.01

C18:4 2.2 ± 0.09 nd
C20:0 0.1 ± 0.01 nd
C20:1 0.3 ± 0.01 nd
C20:2 nd 2.1 ± 0.3

C20:3-isom nd 2.2 ± 0.3
C20:4 nd 29.0 ± 0.8
C20:5 nd 11.7 ± 0.5
C22:0 0.7 ± 0.03 nd
C22:1 0.3 ± 0.02 nd
C24:0 0.2 ± 0.01 nd

SFA 21.6 31.7
MUFA 33.0 5.3
DUFA 14.1 19.6
PUFA 31.3 43.4

PUFA:SFA 1.54 1.99
nd—not detected.

The proportions calculated for S. obliquus BGP oil recovered by scCO2 + ethanol were
21.6:33.0:33.3 (1:1.53:1.54), while for P. cruentum, they were 31.7:5.3:63.0 (1:0.17:1.99), resepctively.

Though none of the above comply with the WHO recommendations still the propor-
tions of S. obliquus BGP are better..

Table 2 shows that the PUFA: SFA values of S. obliquus BGP oils were generally lower
(up to about 2.5 times) than the corresponding ones of the red microalgae. For the latter,
the highest PUFA: SFA ratio was registered in the oil recovered by the first step Soxhlet n-
hexane—almost twice as that of Soxhlet ethanol. The influence of the extraction techniques
on the PUFA: SFA ratios is clearly demonstrated when the data displayed in Tables 2 and 3
are compared. Thus, the PUFA: SFA of the S. obliquus oil (Table 3) was over 1.5-times
higher than those of the Soxhlet extractions (1.54 vs. 1.03; 1.02; 1.04). Obviously, the latter
enhanced the recovery of SFAs, while the SFE enhanced that of PUFAs. The trend observed
for P. cruentum was similar when the PUFA: SFA ratio of the SFE oil was compared to that
of the Soxhlet ethanol and second-step ethanol (1.99 vs. 1.36; 1.71) but was lower than
the Soxhlet n-hexane. Other important indices for the characterization of algal oils were
calculated and are presented in Tables 4 and 5, respectively.

For example, the oxidizability, allylic position equivalent, and bis-allylic position
equivalent indices (OX, APE, and BAPE) allow the calculation of the oxidation stability
index (OSI). The rate of oxidation of fatty acids of oils/biodiesel depends on the number of
double bonds per mole and their relative positions.
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Table 4. Parameters and indices of S. obliquus BGP and P. cruentum Soxhlet oil extracts.

Oil Parameters
and Indices

Soxhlet Extraction

S. obliquus BGP P. cruentum

96% EtOH First Step
n-Hexane

Second Step 96%
EtOH 96% EtOH First Step

n-Hexane
Second Step 96%

EtOH

OX 0.26 0.34 0.37 0.17 0.23 0.16
APE 1.16 1.25 1.08 0.41 0.54 0.37

BAPE 0.35 0.33 0.37 0.17 0.23 0.16
OSI 3.89 3.90 3.89 3.90 3.90 3.90
UI 131.1 126.6 134.9 193 239.9 219.8

h/H 2.58 3.24 2.23 1.47 3.03 1.8
IA 0.31 0.29 0.34 0.65 0.33 0.53

Table 5. Parameters and indices of S. obliquus BGP and P. cruentum oils obtained by SCE at 400 bar,
40 ◦C, and 10% ethanol.

Oil Parameters
S. obliquus BGP P. cruentum

400 Bar, 40 ◦C, 10% EtOH 400 Bar, 40 ◦C, 10% EtOH

OX 0.51 0.19
APE 1.21 0.45

BAPE 0.51 0.19
OSI 3.89 3.9
UI 163.2 227.1

h/H 3.22 2.21
IA 0.25 0.46

The corresponding indices for the oils recoverd from both strains were calculated
according to [23–25] and are shown in Tables 4 and 5.

OX = (0.02 × C18 : 1 + C18 : 2 + 2 × C18 : 3)/100 (1)

APE = (2 × (C18 : 1 + C18 : 2 + C18 : 3))/100 (2)

BAPE = (C18 : 2 + 2 × C18 : 3)/100 (3)

OSI = 3.91 − 0.045 × BAPE (4)

A high OSI value of an oil indicates that it is stable and can be used for the production
of biodiesel without the addition of any antioxidants to enhance the stability during the OSI
period, up to which the oil/biodiesel quality would remain unchanged, and the biodiesel
must be entirely utilized for engine operation. Following the ASTM standard, oils can be
classified as best, moderate, and poor. The best oils are characterized with an OSI ≥ 3 h since
they are considered relatively more stable and do not require the addition of antioxidants
for stabilization, i.e., their biodiesel is expected to be entirely utilized before OSI expires
and degradation begins.

According to Kumar and Sharma who compared the above indices for different
microalgal oils, the best-performing oil was the S. oblicuus oil (OSI = 3.87), while the OSI
indices of other two non-identified Scenedesmus species varied from 1.93 to 2.13 [26].

As demonstrated in Tables 4 and 5, S. obliquus BGP and P. cruentum oils belonged to
the group of best oils since their OSI values were in the range of 3.89–3.9, regardless of the
technique employed to recover them.

Tables 4 and 5 also show the indices of unsaturation (UI), which reflect the proportion
of FAs with different degrees of unsaturation in the total FA composition of a species.
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Consequently, unlike the PUFA: SFA ratio, which reflects the impact of highly unsaturated
FAs, UI highlights the influence of acids with a low degree of unsaturation like MUFAs and
DUFAs. In view of this, UI is usually applied to characterize the composition of macroalgal
FAs and used as a reference whether the respective macroalgae may be used as alternative
sources of high-quality PUFA instead of fish or fish oil.

UI was calculated according to [25]:

UI = 1 × (% monoenoics) + 2 × (% dienoics) + 3 × (% trienoics)

+ 4 × (% tetraenoics) +5 × (% pentaenoics) + 6 × (% hexaenoics)
(5)

As discussed by Chen and Liu [27], the UI value of seaweeds varies widely—from 45
to 368.68. Colombo et al. [28] used the UI to compare macroalgae caught in the cold waters
of Canada with species from the temperate waters of South China. They showed that the
UI values of the warm water aglae were in the range from 54 to 151, while for the Canadian
algae, the UI varied in the range from 174 to 245, respectively [28]. Our results corroborate
those findings as the oils of the deep sea species P. cruentum recovered, regardless of the
techniques applied, had much higher UI indices when compared to those of S. obliquus BGP.

Another important index is the Σ hypercholesterolemic fatty acids/Σ hypercholes-
terolemic fatty acids ratio (h/H), which is related to cholesterol metabolism. Nutritionally,
higher h/H values are considered more beneficial for human health. Chen and Liu [27]
mentioned in their recent review that initially the h/H index was introduced by Santos-
Silva et al. [29] to assess the effect of fatty acids composition of lamb meat on cholesterol,
and they pointed out that compared with the PUFA:SFA, the h/H ratio might better reflect
that effect on cardiovascular disease [27].

Later, since there was no C12:0 detected in the lamb meat, in order to characterize
the relationship between hypocholesterolemic fatty acid (cis-C18:1 and PUFA) and hyperc-
holesterolemic fatty acid [27], the originally proposed formula was extended as follows:

h/H = (cis-C18:1 + ΣPUFA)/(C12:0 + C14:0 + C16:0) (6)

In the present study, we applied the formula advocated by Fernandez et al. [30]:

h/H = [(Σ (C18:1 n-9, C18:1 n-7, C18:2 n-6, C18:3 n-6, C18:3 n-3, C20:3 n-6,

C20:4 n-6, C20:5 n-3, C22:4 n-6, C22:5 n-3 and C22:6 n-3)/Σ (C14:0 and C16:0)
(7)

The results obtained are presented in Tables 4 and 5, respectively.
The highest h/H was calculated for the S. obliquus BGP oil recovered by n-hexane in

the first step of the two-step Soxhlet. The value was higher but still commensurable with
the analogous oil extract of P. cruentum (3.24 vs. 3.03). Obviously, the over nine-times-higher
quantity of C18:1 (n-9) and over 30-times-higher quantity of C18:3 (n-3) in the S. obliquus
BGP outperformed the C20:4 present in a substantial amount in the P. cruentum but was
not detected in the S. obliquus BGP at all.

The h/H values of the oil extracts of S. obliquus BGP and P. cruentum recovered by
scCO2 + 10% ethanol were 3.22 and 2.21, respectively. The S. obliquus BGP h/H index was
slightly lower than that of the n-hexane Soxhlet extraction, while for the P. cruentum, the
value was decreased more substantially, owing to the higher content of SFA (C16:0) and the
lower level of MUFA (C18:1 (n-9)) and DUFA (C18:2 (n-6)) in the SFE extracts.

It should be noted that, as reported by Chen and Liu [27], one of the highest h/H
indices was calculated for Camelina sativa oil (11.2–15.0). For red seaweed, h/H was 4.22; for
shellfish, it ranged between 1.9 and 4.75, except for Loxechinus albus, for which h/H = 0.21,
a value lower than those of the other species. That could be a result of the fact that the main
food source of Loxechinus albus is algae. For fish, the h/H is in the range from 0.87 to about
4.83, etc.

Hence, in order to perform a correct comparison of the h/H values, the method
advocated in [27] was applied, and the new values calculated for S. obliquus BGP and

44



Molecules 2024, 29, 156

P. cruentum oils are displayed in Table 6. In all cases examined, the h/H indices of both
microalgal species oils were higher than or in the worst case commensurable with the
range of h/H indices calculated for the various fish species. The influence of the extraction
technique applied was clearly demonstrated for both species—the highest h/H indices
were calculated for oils recovered by scCO2 + ethanol, with the S. obliquus BGP oil being
the best performer.

Table 6. h/H indices of S. obliquus BGP and P. cruentum oils calculated.

Species Extraction Method h/H = (cis-C18:1 + ΣPUFA)/(C12:0 + C14:0+ C16:0)

S. obliquus BGP

Soxhlet 96% ethanol 2.27
Soxhlet n-hexane (first-step) 2.71

Soxhlet 96% ethanol second step after n-hexane 1.96
400 bar, 60 ◦C, 10% ethanol 3.23

P. cruentum

Soxhlet 96% ethanol 1.07
Soxhlet n-hexane (first-step) 2.13

Soxhlet 96% ethanol second step after n-hexane 1.37
400 bar, 40 ◦C, 10% ethanol 1.58

As noted above, a reliable comparison with analogous species was difficult as different
authors have used different variants of the h/H formula. Moreover, it is not always clearly
stated how the oil was recovered (method, solvents, etc.). Thus, in order to compare our
data with the results presented in the seminal paper by Matos et al. [14], the h/H of the
P. cruentum extracts obtained by the different techniques were yet once again recalculated
applying the method used in the reference.

The following values for h/H were obtained: 1.38, 2.88, 1.73, and 2.1, respectively,
where the order of techniques followed that of Table 4, with the scCO2 + ethanol extraction
being the last in the row. Matos et al. [14] used the Soxhlet extraction method with
petroleum ether applied after acid digestion with 4.0 N HCl for 6 h, and the h/H index for
P. cruentum was calculated to be 1.9. Our h/H values were of the same order of magnitude,
e.g., the oil recovered by the first step Soxhlet n-hexane had the best nutritional quality
index equal to 2.88, followed closely by that obtained by scCO2 + 10% ethanol at 40 ◦C and
400 bar with h/H = 2.1.

Finally, Tables 4 and 5 also display the index of atherogenicity (IA), which characterizes
the atherogenic potential of fatty acids. As discussed in [27], IA is a more adequate indicator
when compared to the PUFA/SFA ratio, which is too general and unsuitable for assessing
the atherogenicity of food products. The lowest IA = 0.25 was calculated for the S. obliquus
oil recovered by scCO2 + 10% ethanol, which was lower than the IA indices of the majority
of red and brown seaweeds examined. At the same time, it was either commensurable or
slightly higher than those of the majority of the green seaweeds reported in the review.

The only exception being Ulva sp., for which an IA = 0.08 was calculated. With regard
to P. cruentum, the IA lowest value = 0.33 was calculated for the oil recovered by Soxhlet
n-hexane, while for the oil obtained by scCO2 + 10% ethanol, IA = 0.46, which, though
lower, is still commensurable with the IA value reported for P. cruentum oil in [14].

2.2.2. Analysis and Quantification of Antioxidants

A knowledge of the oils’ composition regarding the presence of phenolics was obtained
from the LC-MS/MS analyses of the extracts. The results are shown in Table 7.

The presence of constituents of some important groups of antioxidants was tested,
namely hydroxycinnamic, caffeoylquinic, and hydroxybenzoic acids, as well as represen-
tatives of four subgroups of flavonoids. The quali- and quantification of the S. obliquus
BGP and P. cruentum extracts showed that the oils of both species were not very rich in
antioxidants. Furthermore, the quantities of the bioactives identified varied sometimes
by orders of magnitude, which demonstrates not only the influence of the specific genus
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but also the impact of the recovery methods, operating conditions, and solvents applied.
For example, the quantities of hydroxycinnamic and caffeoylquinic acid derivatives in
S. obliquus BGP and in P. cruentum were commensurable, with the exception of ferulic and
cinnamic acids, which were more abundant in P. cruentum. With regard to hydroxybenzoic
acid derivatives, the picture was different. The highest amount in that group was detected
for vanillic acid in the S. obliquus oil recovered by second step Soxhlet, followed by 3-OH-4-
methoxybenzoic acid. Actually, the quantity of the former was the highest found in all oil
tests. The respective amounts of those acids in P. cruentum were considerably much lower.
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Table 7. LC–MS/MS analysis of phenolic compounds in S. obliquus BGP and P. cruentum extracts
obtained by Soxhlet ethanol and SFE with co-solvent.

Compound Identified

S. obliquus BGP P. cruentum

Soxhlet
96%

Ethanol

Soxhlet 96%
Ethanol

Second Step
after n-Hexane

400 Bar,
60 ◦C, 10%

Ethanol

Soxhlet
96%

Ethanol

Soxhlet 96%
Ethanol

Second Step
after n-Hexane

400 Bar,
40 ◦C, 10%

Ethanol

ng/mg

Phenolic acids

Hydroxycinnamic and caffeoylquinic acid derivatives

o-coumaric acid 4.171 4.143 3.931 3.470 4.242 4.340
p-coumaric acid 0.242 0.148 0.040 0.550 0.061 0.262
m-coumaric acid 4.439 4.748 4.571 5.216 2.269 4.613

ferulic acid 0.221 0.458 0.412 17.030 2.164 1.246
cinnamic acid 2.934 1.633 3.275 0.559 9.769 2.026

3-O-caffeoylquinic
(chlorogenic) acid 0.085 0.415 0.393 2.245 0.764 0.546

Hydroxybenzoic acid derivatives

gallic acid 0.014 0.072 0.046 0.026 0.041 0.012
vanillic acid 2.880 167.174 14.911 n.d. 9.114 7.287
ellagic acid 3.206 0.471 0.839 0.281 0.394 0.530

gentisic acid 0.226 1.778 0.578 2.519 0.091 0.093
protocatechinic acid 0.602 0.453 0.118 2.265 0.111 0.192

o-hydroxybenzoic acid 4.964 5.433 4.459 10.913 3.254 5.702
m-hydroxybenzoic acid 0.060 1.279 1.786 0.792 0.463 0.841

syringic acid 0.246 0.063 1.130 2.696 1.122 0.210
3-OH-4-methoxybenzoic acid 2.773 94.075 12.126 2.011 8.290 2.744

Flavonoids

Flavonols

quercetin 0.603 0.180 0.724 0.084 0.093 0.160
myrecitrin 0.123 0.012 0.126 0.016 0.045 0.016
myrecitin 0.483 0.356 0.435 0.041 0.266 0.799

rutin 2.700 4.597 4.925 4.025 5.867 4.559
resveratrol 0.174 0.202 0.220 0.232 0.190 0.091
kaempferol 0.607 0.101 1.986 0.163 0.053 0.120

kaempferol-3-O-glycoside 31.063 13.782 99.507 22.810 0.974 21.391
fisetin 0.482 0.066 0.105 0.204 0.015 0.024

Flavones

luteolin 0.648 0.103 0.199 0.100 0.051 0.105
apigenin 0.443 0.049 0.910 0.081 0.039 0.067

Flavan-3-ols

catechin n.d. 0.066 0.042 0.052 0.398 0.156
epicatechin 0.052 0.118 0.043 0.059 3.590 0.108

Flavanones

hisperidin 0.123 0.012 0.003 0.003 0.001 0.004
naringenin 0.166 0.006 0.086 0.040 0.002 0.003

Relative standard deviation (RSD) = 2.3%.

With regard to flavonoids, the best repersented among all subgroups was kaempferol-
3-O-glycoside. Its amounts in the oils of both species were of similar magnitude, the only
exception being the S. obliquus BGP oil recovered by scCO2 + 10% ethanol, the quantity
of which was the second highest among all antioxidants detected in the oils of both
species examined.
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2.2.3. Total Phenolic Content (TPC) and Antioxidant Activity (AA)

The TPC and AA of the oils of S. obliquus BGP and P. cruentum are shown in Table 8.
TPC is just a quantitative indicator of the total phenols in the oils and does not provide
any information about their particular composition. Still, it showed some trends—for
example, examining the results for the Soxhlet extractions of S. obliquus BGP, it is clear that
the largest amount of polyphenols was extracted in the single-step extraction with ethanol
(409.59 µg/mg), followed by scCO2 + 10% ethanol, with the amount in the oil recovered
by the second-step Soxhlet being the lowest. This trend was expected since, in general,
phenolics are better recovered by polar solvents.

Table 8. Total phenolic content, antioxidant activity and IC50 of the extracts obtained from S. obliquus
BGP and P. cruentum by different extraction techniques.

Species Extraction Method

TPC DPPH

Quercetin
eq. [µg/mg]

Trolox
eq. [mM]

IC50 mg
Extract

S. obliquus BGP
Soxhlet 96% ethanol 409.59 ± 7.42 1.81 2.65

Soxhlet 96% ethanol second step after n-hexane 155.85 ± 0.40 1.58 1.42
400 bar, 60 ◦C, 10% ethanol 255.73 ± 6.33 1.98 3.52

P. cruentum
Soxhlet 96% ethanol 134.40 ± 0.80 1.38 0.31

Soxhlet 96% ethanol second step after n-hexane 162.45 ± 3.40 1.09 -
400 bar, 40 ◦C, 10% ethanol 182.09 ± 8.08 1.89 2.72

Relative standard deviation (RSD): RSDDPPH = ±3.01%; RSDIC50 = ±1.6%.

The DPPH free radical scavenging activity for the species exhibited a somewhat differ-
ent pattern; namely, the highest value was measured for the oil recovered by scCO2 + ethanol.
It was, however, commensurable with that for Soxhlet ethanol. The best (lowest) IC50
value = 1.42 was determined for the oil obtained by the second-step Soxhlet. That can
be explained, to a certain extent, by the presence in relatively higher amounts of potent
antioxidants like vanilic and 3-OH-4-methoxybenzoic acids.

TPC values calculated for the P. cruentum oils were not only lower but the trend of the
influence of the extraction methods on the TPC was also different from that for S. obliquus.
Thus, the oil obtained by scCO2 with 10% ethanol had the highest TPC. Furthermore, in
contrast to S. obliquus, the amount of polyphenols in the oil recovered by the second-step
Soxhlet ethanol of the spent matrix was higher than the amount registered in the Soxhlet
ethanol. On the other hand, the activity toward the DPPH radical for the species was
analogous to the one exhibited by S. obliquus. With regard to IC50, the lowest value
was calculated for the Soxhlet ethanol extract. The latter was the best among all IC50
values calculated.

Comparing the TPC of the two species, the data clearly show that oils of S. obliquus
were richer in polyphenols. For both species, the SFE oil extracts had the highest scavenging
ability against DPPH free radicals.

In [9], the TPC of S. obliquus oil obtained by neat scCO2 and scCO2 + 10% ethanol were
reported. However, a direct comparison cannot be made since the operating conditions
are not only different (e.g., lower pressures applied) but also the TPC is represented
as mgGA/gextr.

The in-depth comprehensive analyses performed on the two species’ oils showed the
impact of the techniques’ specificity (operational parameters, nature of solvents, etc.) on
their yield and composition. However, the picture of the latter is too complex and reflects
not only the effect of the above but also the major influence of the specifics of the strain and
the genera, intertwined with other factors like growing conditions, etc., which were not a
topic of the present research.

As difficult as it is to generalize our findings, still the following observations and
conclusions are valid:
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i. Both S. obliquus BGP and P. cruentum oils are “best oils” and can be used for biodiesel
production without any antioxidants.

ii. P. cruentum oils, regardless of the extraction technique used, can enrich functional
foods since they have high levels of PUFAs, which are two- to three-times higher than
those found in S. obliquus BGP oils. P. cruentum oil can also serve as a substitute for
fish oil because of the high amounts of AA and EPA synthesized.

iii. S. obliquus BGP and P. cruentum oils have commensurable high values of h/H that are
in the upper range of the corresponding indices of shellfish and fish. These oils can be
used as additives in human nutrition to prevent cardiovascular disease, particularly
for people with high blood pressure.

iv. S. obliquus BGP oil obtained through scCO2 extraction with 10% ethanol exhibited
the lowest IA of 0.25, which is lower than most red and brown seaweeds as reported
in [27]. Therefore, it can be considered a suitable additive to foods or products that can
help prevent plaque accumulation and reduce levels of total cholesterol and LDL-C or
“bad” cholesterol.

v. TPC and AA analysis of two strains’ oils show the impact of genera and extraction
methods. S. obliquus BGP ethanol oil has the highest TPC, over three-times higher than
P. cruentum. The lowest IC50 is calculated for P. cruentum ethanol oil—over 4.5-times
lower than S. obliquus BGP. The best AA performers are oils from both species obtained
by SFE.

3. Materials and Methods
3.1. Microalgal Strains

Scenedesmus obliquus BGP is a previously not known strain of the genus Scenedesmus. It
was newly isolated from a rainwater puddle in Sofia, Bulgaria, at an average temperature of
20 ◦C. The morphological analysis identified the new strain as Scenedesmus obliquus (Turpin)
Kutzing [8], and the strain was subsequently named S. obliquus BGP. A description of the
taxonomic and molecular analyses performed was outlined in great detail in a previous
contribution by some of the present authors [8] and will not be presented here. Furthermore,
it was demonstrated that the strain showed tolerance toward the influence of the most
important environmental factors such as light intensity, temperature, and composition of
the nutrient medium, and the optimum cultivation conditions were determined.

Lyophilized biomasses of both S. obliquus BGP and P. cruentum were generously
donated to us by the Laboratory of Experimental algology, Institute of Plant Physiology
and Genetics, Bulgarian Academy of Sciences.

The monoalgal, non-axenic cultures of red microalga Porphyridium cruentum (AG.)
(Rhodophyta), strain VISCHER 1935/107, acquired by the Laboratory of Experimental
algology, Institute of Plant Physiology and Genetics, Bulgarian Academy of Sciences from
the culture collection of the Institute of Botany, Třeboň, The Czech Republic, was grown on
the modified culture medium as reported in [31].

The lyophilization of S. obliquus BGP and P. cruentum biomass was performed in a
LGA 05 lyophilizer (Janetzki, Leipzig, Germany), as explained in [8], and then stored in
dry–dark conditions prior to use.

3.2. Chemicals and Reagents

The chemicals used for the GC–FID analyses were as follows: Supelco 37 Component
FAME Mix (CRM47885), reference mixture of fatty acid methyl esters from Sigma-Aldrich
(Darmstadt, Germany), toluene (pure, VWR International, Paris, France), sulfuric acid
(98%, MerckKGaA, Darmstadt, Germany), sodium chloride (pure, MerkKGaA, Darmstadt,
Germany), potassium bicarbonate (pure, VWR International, Paris, France), chloroform
(99.8% VWR International, Paris, France), sodium sulfate (pure, Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany), and helium (99.9999%, Air Liquide A/S).

LC MS/MS quantification of polyphenolic compounds used standards enumerated in
detail in a previous article [32].
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For TPC and antioxidant activity analysis, the following chemicals were used: Folin–
Ciocalteu reagent 2 N, sodium carbonate (Merck, Darmstadt, Germany), DPPH (2,2-
diphenyl-1-picrylhydrazyl), ATBS, ethanol HPLC grade (Panreac, Barcelona, Spain), gallic
acid, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) (Sigma-Aldrich, St.
Louis, MO, USA), potassium persulfate and absolute ethanol (Neon, Suzano, SP, Brazil),
and quercetin dihydrate (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) [32].

The rest of the reagents applied were of the highest purity: methanol ≥ 99.9%,
ethanol ≥ 99.8%, and n-hexane ≥ 99% were purchased from Honeywell Riedel-de-Haen (Seelze,
Germany); ethyl acetate ≥ 99.5% from JLS-Chemie Handel GmbH (Hannover, Germany);
methyl tert-butyl ether ≥ 99.8%, and acetonitrile ≥ 99.9% from Sigma-Aldrich (Darmstadt,
Germany); and bone dry grade CO2 (99.99% pure; no water, Messer, Sofia, Bulgaria).

3.3. Biochemical Analyses

In our previous contribution [8], the biochemical composition of S. obliquus BGP
was analyzed, and the values for proteins (24–45%), lipids (23–30%), and carbohydrates
(25–28%) were determined. The biochemical composition of the P. cruentum strain VISCHER
1935/107 was reported in [31] to be: proteins (27–38%), lipids (9–12%), and carbohydrates
(40–57%). The protocols of the analyses are presented in detail in [8] and will not be
reproduced here.

3.4. Microalgal Extracts Recovery
3.4.1. Preliminary Preparation of the Material

The lyophilized microalgal samples were firstly crushed additionally to a mean particle
diameter (dp) of 0.5 mm and then subjected to ultrasonication in an ultrasonic disintegrator
UD 20 (Bandeline electronic, Berlin, Germany) with an ultrasonic field of 35 kHz. After
each sonication, the sample treated was examined by a microscope to establish the level of
cell disintegration. The procedure was explained in detail in our previous work [8].

3.4.2. Soxhlet Extraction

The protocol for performing the Soxhlet extractions was reported in detail in our
previous work [32]. In brief, the Soxhlet apparatus used was ISOLAB NS29/32 + 34/35
(Merck KGaA, Darmstadt, Germany). In the one-step Soxhlet, ethanol was used, while
in the two-step, extraction with n-hexane was first performed. Subsequently, the residual
matrix was subjected to an extraction with ethanol.

In all experiments, the extraction cartridge was filled with 3.0 ± 0.1 g sonicated
microalgal biomass (S. obliquus BGP or P. cruentum). The extraction was performed until a
complete discoloration of the solvent was observed. The solvent from the liquid extract
was evaporated under vacuum using Hei-VAP Rotary Evaporator (Heidolph Instruments
GmbH&Co. KG, Schwabach, Germany). Next, the resulting dry extract was dried at
60 ± 2.0 ◦C to a constant weight in an air circulation oven, and the yield was calculated
according to:

Yield(%) =
mass of extract (g)
mass of sample (g)

× 100 (8)

The extracts were placed in glass vials and kept at 4 ◦C until analysis. Experiments were
performed in triplicates and total extraction yield was expressed as the mean ± standard
deviation. The results are presented in Table 1.

3.4.3. Supercritical Fluid Extraction

In our study, S. obliquus BGP was extracted with neat scCO2 at T = (40, 50, and 60) ◦C
and p = (400 and 500) bar. The scCO2 flow rate was 1 L min−1. SCE with a co-solvent
ethanol was applied to both strains. The experiments were carried out in a flow apparatus
(SFT-110-XW, Supercritical Fluid Technologies Inc., Newark, DE, USA), with two parallel
50 cm3 internal volume extractors made from stainless steel tubing (7 cm long, internal
diameter 3.02 cm) and temperature controllers for extraction vessels and restrictor valves,
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which could be adjusted up to 120 ◦C. The CO2 pressure was guaranteed by a SFT Nex10
SCF pump actuate from a compressor model HYAC50-25, Hyundai, South Korea, while in
experiments with a co-solvent an additional pump (LL-Class, USA) from SFT, Inc., Newark,
DE, USA is used. A full description of the equipment is given in [32] and will not be
elaborated further here. In all experiments, about 5 g dry sample of the respective species
biomass was placed in the processing vessel.

3.5. Characterization and Quantification of the Extracts

The fatty acid composition of certain extracts of S. obliquus BGP and P. cruentum was
determined by GC-FID, the methodology of which was described in detail in [33]. The
identification and quantification of the different groups of phenolics by LC-MS/MS was
presented exhaustively in its entirety in our earlier works [32].

In addition, the total phenolic content (TPC) of the extracts analyzed was determined
using the Folin–Ciocalteu reagent, while the DPPH assay determined the free radical
scavenging activity of the samples. The corresponding methodology of the three methods
was presented fully in our previously published contribution [32].

4. Conclusions

Oils of two algae strains belonging to different genera—the recently isolated Bulgarian
strain S. obliquus BGP and P. cruentum—were extracted using both a conventional method
(Soxhlet with hexane and ethanol) and an advanced green technology (scCO2 with and
without a co-solvent ethanol). The use of scCO2 results in lower yields compared to Soxhlet
extraction, even with the addition of ethanol as a co-solvent, which is consistent with
previous findings in the literature.

The quali- and quantitative analysis of the oils through GC-Fid and LC-MS/MS, as
well as the determination of parameters and indices that made it possible to outline their
viability, demonstrated the higher potential of P. cruentum algae as a sustainable source
of bioactive compounds with possible applications in the food and/or pharmaceutical
industry when compared to the S. obliquus BGP.

The fatty acid profiles of the oils of the two species differed significantly. In the case of
S. obliquus BGP, the percentage of different C18 fatty acids (both saturated and unsaturated)
ranged from 56.3% to 64.4%, a percentage much higher than that of P. cruentum, for which
those values were between 19.3% and 28.3%. On the other hand, the latter contained up to
43% of C20:4 and C20:5 fatty acids, which were not detected in the S. obliquus BGP. The OSI
values calculated for both S. obliquus BGP and P. cruentum oils position them among the
best oils for the production of biodiesel.

Analysis of the fatty acids and polyphenols in P. cruentum oil indicates its superior
potential for food and pharmaceutical applications compared to the green algae. However,
the h/H indices calculated for the oils of both species show that they have the capacity to
serve as additives to human nutrition. Hence, the algae of both species exhibit promising
properties and could be exploited in the future in a one-feed, multi-product biorefinery
with a wide variety of applications.
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Abstract: Arctic brown algae are considered a promising industrial-scale source of bioactive sub-
stances as polysaccharides, polyphenols, and low-molecular secondary metabolites. Conventional
technologies for their processing are focused mainly on the isolation of polysaccharides and involve
the use of hazardous solvents. In the present study a “green” approach to the fractionation of
brown algae biomass based on the dissolution in ionic liquids (ILs) with 1-butil-3-methylimidazolium
(bmim) cation with further sequential precipitation of polysaccharides and polyphenols with acetone
and water, respectively, is proposed. The effects of IL cation nature, temperature, and treatment
duration on the dissolution of bladderwrack (Fucus vesiculosus), yields of the fractions, and their
chemical composition were studied involving FTIR and NMR spectroscopy, as well as size-exclusion
chromatography and monosaccharide analysis. It was shown that the use of bmim acetate ensures
almost complete dissolution of plant material after 24 h treatment at 150 ◦C and separate isolation of
the polysaccharide mixture (alginates, cellulose, and fucoidan) and polyphenols (phlorotannins) with
the yields of ~40 and ~10%, respectively. The near-quantitative extraction of polyphenolic fraction
with the weight-average molecular mass of 10–20 kDa can be achieved even under mild conditions
(80–100 ◦C). Efficient isolation of polysaccharides requires harsh conditions. Higher temperatures
contribute to an increase in fucoidan content in the polysaccharide fraction.

Keywords: brown algae; Fucus vesiculosus; ionic liquids; 1-butil-3-methylimidazolium;
biomass fractionation

1. Introduction

Marine micro- and macroalgae produce unique biogenic compounds possessing a wide
range of biological activities, which makes them a promising source of pharmaceuticals,
food supplements, cosmetics, antimicrobial agents, fertilizers, etc. This is especially true for
brown algae, which are widespread in the seas of temperate and high latitudes and produce
polyphenolic compounds, polysaccharides (fucoidan, alginic acids), and other valuable
secondary metabolites in large quantities [1]. Due to harsh environmental conditions at
high latitudes and long daylight hours during the growing season, arctic brown algae
are capable of producing the largest amounts of bioactive substances and are of greatest
interest as a feedstock for industrial-scale processing (biorefining).

Among the most important constituents of brown algae are polyphenols, which are
present both as low molecular weight compounds and, predominantly, as phloroglucinol-
based polymers—phlorotannins. The latter group of compounds possesses pronounced an-
tioxidant properties, and has antidiabetic, antiproliferative, anti-HIV, radioprotective, and
anti-allergic effects [1–3]. The content of polyphenols in the algal biomass varies depending
on the brown algae species, age, and growth location, and can reach 20% of the dry weight
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(d.w.) [4]. The highest values were observed in the brown algae, namely Fucus vesiculosus
(15–18%) and Ascophyllum nodosum (14–15%), growing in the White and Barents Seas [5].
Thus, isolation and subsequent valorization of polyphenols must be an integral component
of brown algae biorefining technologies. Despite this, the technologies traditionally used
for the industrial processing of macroalgae are aimed primarily at isolating the polysac-
charide component and, in some cases, obtaining pigment (chlorophyll and carotenoids)
extracts. Conventional polysaccharide extraction techniques typically involve treating the
algal material with various solvents such as hot water or acidic or salt solutions at high
temperatures for several hours [6] after preliminary removing of lipids with nonpolar
extractants, including toxic halogenated hydrocarbons (chloroform, dichloromethane).

The development of novel approaches to algal biomass processing is hindered by
the lack of effective methods for selective extraction of target components from plant
raw material and their separation and purification. At the same time, due to growing
environmental safety concerns, the developed technologies should rely on the use of “green”
processes and solvents. The latter include, first of all, sub- and supercritical water and
carbon dioxide, ionic liquids (ILs), and deep eutectic solvents [7–9]. Unusual physical and
chemical properties of ILs (ionic structure, extremely low vapor pressure, incombustibility,
thermostability) and high dissolving power toward various classes of biomolecules, as
well as the possibility of efficient regeneration allow considering ILs as most promising
media for algal biomass treatment. Moreover, the well-known ability of ILs to completely
dissolve plant tissues [10] through breaking inter- and intramolecular bonds in biopolymers
(mainly ether bonds between phenolic units) opens prospects for the efficient fractionation
of algal biomass into polysaccharide and aromatic components [11,12] as the basis for
biorefining technologies.

Dissolution of algal biomass in ionic liquids has been described previously for various
algae species [13–16], including those belonging to brown algae, such as Sargassum fulbel-
lum, Laminaria japonica, Undaria pinnatifida, Saccharina japonica. Dialkylimidazolium- and
alkylpyridinium-based room temperature ILs (chlorides, tetrafluoroborates, and acetates)
were used at temperatures of 100–150 ◦C and at a treatment duration of up to 6 h. However,
the main objective of these studies was the isolation of polysaccharides for subsequent
hydrolysis with further biofuel production, as well as lipid extraction with organic solvents
without focusing on the obtaining and characterizing polyphenolic fractions.

In the present study, we propose an approach to the fractionation of brown algae
biomass involving its dissolution in dialkylimidazolium ionic liquids with further selective
antisolvent precipitation of polysaccharides and polyphenols. 1-Butyl-3-methylimidazolium
(bmim) methyl sulfate ([bmim]MeSO4), chloride ([bmim]Cl), and acetate ([bmim]OAc),
which significantly differs in anion basicity and solvation properties, and have previously
proven themselves well in solving problems of wood processing to produce cellulose and
lignin [17], were chosen as studied ILs. Bladderwrack (Fucus vesiculosus) brown algae
species, most widespread and harvested on an industrial scale in the White Sea, was used
as an object of research aimed at optimizing conditions for algal biomass fractionation,
isolating, and characterizing the resulting polyphenolic and polysaccharide fractions.

2. Results and Discussion
2.1. Solubility of Algal Biomass

The nature of IL anion and temperature of the reaction mixture are the most critical
factors determining the completeness and dynamics of dissolving plant biomass. In our
experiments, the powdered bladderwrack thallus samples were treated with the three ILs
at 80, 100, 120, and 150 ◦C under constant stirring with the measurements of the solid
residue during 24 h (the attained relative standard deviation was 10–15%). The obtained
results (Table 1) demonstrate that the substantial dissolution of the plant material (>50%)
can be achieved at temperatures ≥ 100 ◦C. Treatment at 150 ◦C for 24 h allowed dissolving
up to 92% of the bladderwrack biomass when using [bmim]OAc as a solvent.
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Table 1. Completeness of algal biomass dissolution in ILs under different treatment conditions.

IL
Amount of Solid Residue (%) at Different Temperatures and Treatment Durations

80 ◦C 100 ◦C 120 ◦C 150 ◦C

2 h 4 h 8 h 24 h 2 h 4 h 8 h 24 h 2 h 4 h 8 h 24 h 2 h 4 h 8 h 24 h

[bmim]OAc 78 76 76 72 67 64 52 49 61 54 48 47 36 30 19 8
[bmim]Cl 94 87 82 82 77 72 69 66 68 59 56 42 45 40 39 17

[bmim]MeSO4 84 78 73 64 72 68 63 62 70 66 64 46 68 65 54 44

The comparison of the three ILs revealed two different patterns of their action depend-
ing on the treatment temperature. At higher temperatures (120–150 ◦C) the pronounced
dependence on the IL’s anion nature is observed, and the studied ILs, according to their
effectiveness, can be arranged in the following series, corresponding to a decrease in the
basicity of the anion [18,19]: [bmim]OAc > [bmim]Cl > [bmim]MeSO4. The higher ba-
sicity of bmim acetate and chloride is expected to break hydrogen bonds in biopolymers
and promotes dissolution of polysaccharides due to specific interactions with acetate and
chloride anions. Chemical (covalent) interactions with the IL cation, occurring with the
participation of a reactive carbene intermediate [20], also may contribute to the dissolution
of biopolymers. The formation of carbene occurs due to the deprotonation of bmim upon
interaction with highly basic anions and is promoted at elevated temperatures.

Treatment at 80 ◦C enables the dissolution of up to 30% of the algal biomass, and the
solubility in different ILs varies as follows: [bmim]OAc ≈ [bmim]MeSO4 > [bmim]Cl. This
effect may be explained by the ability of the most basic (bmim acetate) and acidic (bmim
methyl sulfate) ILs to cleave ether and ester bonds in biopolymers. At this temperature, it is
likely that the polyphenolic component is preferentially dissolved in ILs, with the proportion
of the polysaccharide component increasing as the duration of treatment increases (mainly for
[bmim]OAc and [bmim]MeSO4). At a temperature of 100 ◦C, a transitional system state is
observed—the effectiveness of [bmim]Cl increases more significantly than for other ILs and
thus the differences in their action are not so pronounced as at higher or lower temperatures.
Considering the previous data on the thermostability of the ionic liquids used [20], prolonged
heating of the reaction mixture at 120–150 ◦C cannot be recommended for [bmim]OAc, which
is prone to partial decomposition under these conditions. However, samples isolated with
[bmim]OAc at 120–150 ◦C were further used for comparison purposes.

According to the recorded FTIR spectra (Figure 1), the insoluble residue obtained after
IL treatment consists of polysaccharides, predominantly alginates.
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This is evidenced by intense absorption bands corresponding to carboxylate anions ob-
served at ~1600 and ~1400 cm−1 (asymmetric and symmetric C-O-C stretching, respectively)
along with a number of peaks in the area of C-O single-bond stretching (1200–1000 cm−1).
The absence of signals from aromatic compounds confirms the assumption about the
preferential transition of polyphenols into the IL liquid phase.

2.2. Biomass Fractionation

For the selective isolation of polysaccharide and polyphenol components from the
obtained solutions of plant material in ILs, a known approach involving sequential precipi-
tation with different antisolvents was used. As regards the latter: Following the example
of wood fractionation [17], acetone and water, which can effectively precipitate polysac-
charides and phenolic compounds, respectively, were chosen. The advantages of acetone
over some other organic solvents are its rather low environmental toxicity and availability
as a bio-based solvent, which allows for considering this substance as a green solvent if
properly recycled in the technological process [21,22]. Fractions F1 (insoluble in acetone)
and F2 (insoluble in water) obtained after 24 h treatment in accordance with Scheme 1 were
separated from the liquid phase of the reaction mixture with yields of up to 39% (F1) and
11% (F2) from the initial plant material (Table 2).
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Table 2. Yields of the algal biomass fractions obtained under different conditions.

IL Fraction
Yield, %

80 ◦C 100 ◦C 120 ◦C 150 ◦C

[bmim]OAc
F1 19 ± 5 30 ± 5 32 ± 5 39 ± 5
F2 8 ± 2 10 ± 2 11 ± 2 9 ± 2

[bmim]Cl
F1 2 ± 2 4 ± 2 4 ± 2 4 ± 2
F2 9 ± 2 10 ± 2 10 ± 2 11 ± 2

[bmim]MeSO4
F1 3 ± 2 4 ± 2 5 ± 2 8 ± 2
F2 9 ± 2 10 ± 2 9 ± 2 9 ± 2

The presented data indicate that all the studied ILs are able to extract almost completely
the polyphenolic component already at 80–100 ◦C. This is evidenced by the yield of the
F2 fraction, which corresponds to the polyphenol content of the studied commercially
available Fucus vesiculosus preparation. In this regard, it’s not surprising that changing
the processing temperature has no substantial effect on the yield of the F2 fraction. The
insignificant decrease in the content of polyphenols isolated from the [bmim]OAc solution
obtained at 150 ◦C may be caused by thermal degradation of phlorotannins or solvolysis of
ether bonds in their structure.

Increasing the processing temperature had a more pronounced effect on the yield
of polysaccharide fraction (F1). Thus, when going from 80 to 150 ◦C, at least a twofold
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gain in the content of isolated polysaccharides was attained, which, however does not
correspond to the increase in the dissolved biomass percentage (for example, from 30 to 90%
in the case of [bmim]OAc). This may be evidence that the polysaccharide component is
partially hydrolyzed under the action of ILs in the presence of residual water. The greatest
differences were observed for the samples treated with [bmim]MeSO4 and [bmim]Cl, which
is explained by the presence of strong acid anions and thus occurrence of the acidic medium
promoting hydrolysis.

The chemical composition and properties of the isolated fractions are the most im-
portant factors that determine their suitability for practical applications. Since the highest
degree of biomass dissolution was achieved after prolonged heating in ILs, the acetone (F1)
and water (F2) insoluble fractions obtained after 24 h plant material treatment at various
temperatures were used for further characterization by Fourier transform infrared (FTIR)
and nuclear magnetic resonance (NMR) spectroscopy, size-exclusion chromatography, and
ligand exchange chromatography for monosaccharide determination.

2.3. Chemical Composition of Fraction F1

FTIR spectroscopy measurements confirmed the predominance of the polysaccharides
in fraction F1 (Figure 2).
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All the investigated samples showed broad absorption bands at 3500–3300 cm (hydrogen
bonded O-H stretching) and typical signals of aliphatic C-H stretching of 3000–2800 cm−1.
The presence of a polysaccharide backbone is confirmed by an intense peak centered at
1025–1010 cm−1, which is attributed to C-O-C in glycoside bridge stretching [23]. Due to
overlap with other peaks related to the stretching of the carbon-oxygen single bond in C-O-C,
C-O-H, and C-O-S (in fucoidan) structures, the intense broad absorption band is observed in
this region (1010–1090 cm−1) [24–26]. Identification of fucoidan in fraction F1 is also based
on the combination of specific bands associated with sulfur–oxygen bonds at ~830 (C-O-S
stretching) and 1250–1220 (S-O stretching in sulfate esters) [26]. The peak at ~1620 cm−1

arises from asymmetric O-C-O stretching in carboxylates (alginic acid). The noticeable peak
at ~1750 cm−1 (C=O stretching vibrations) may indicate the presence of acetyl moieties [27].
At the same time, the presented FTIR spectra do not contain significant signals of aromatic
compounds. This allows for concluding that the fraction F1 comprises polysaccharides (alginic
acid, fucoidan), which completely coincides with our expectations.
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For more detailed characterization, the polysaccharide fraction was subjected to acid
hydrolysis with further monosaccharide determination. The obtained data (Table 3) indicate
a decreased proportion of hydrolysable polysaccharides in fraction F1 isolated by using
bmim chloride as a solvent. Another peculiarity is an increase in fucose (fucoidan) content
with increasing temperature of the IL treatment, which may indicate the preferential
isolation of alginic acid. The most selective IL for fucoidan extraction is [bmim]MeSO4,
which provides the highest (up to 279 mg g−1) fucose content in the fraction F1 hydrolysates.
The high glucose content is considered evidence of the presence of cellulose in noticeable
amounts along with alginic acid and fucoidan.

Table 3. Monosaccharide content in the initial plant material and fraction F1 obtained after 24 h IL
treatment at different temperatures.

IL
Monosaccharide Content, mg g−1

Temperature, ◦C Glucose Xylose Galactose Fucose Mannose Mannitol Sum

No IL treatment
(initial algae) - 25 21 12 81 15 23 178

[bmim]OAc

80 38 20 10 31 0 8 107
100 50 21 9 47 0 3 130
120 49 20 7 70 0 1 147
150 49 33 15 180 0 1 277

[bmim]Cl

80 31 20 8 97 0 4 160
100 42 25 10 83 0 1 161
120 62 29 9 64 0 1 164
150 95 15 4 33 0 1 148

[bmim]MeSO4

80 20 32 14 90 0 13 169
100 18 48 20 191 0 10 286
120 16 80 29 279 0 1 406
150 9 71 27 216 0 1 324

The fraction F1 obtained after the [bmim]OAc treatment at the highest temperature
(150 ◦C) exhibits a relatively high hydrolysable polysaccharide content (277 mg g−1) along
with the highest yield from the plant material (39%). It is worth noting that a sharp increase
in the fucoidan content is observed when the IL treatment temperature increases from 120
to 150 ◦C, whereas the yield of the fraction increases insignificantly. This means that high
treatment temperatures promote the transition of fucoidan into the solution, while alginic
acid is extracted by bmim acetate under mild conditions.

The predominance of alginic acid (alginates) in the non-hydrolysable part of the
fraction F1 was confirmed by FTIR spectra of the residue after acid hydrolysis (Figure 3).

A distinctive feature of alginates are intense absorption bands at ~1610 and ~1450 cm−1,
which are characteristic of the carboxylate anion and related to asymmetric and symmetric
C-O stretching, respectively [27]. Weaker bands at 1700–1710 cm−1 may be attributed to the
molecular form of carboxylic acids (C=O stretching) and considered additional evidence
of the alginic acid presence in the studied sample. Other intense bands in the FTIR spec-
tra presented in Figure 3 are related to vibrations of the O-H and C-O groups typical of
polysaccharides and mentioned above in the discussion of the F1 fraction spectra (Figure 2).
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2.4. Chemical Composition of Fraction F2

Preparations containing high levels of polyphenolic compounds are of thegreatest interest.
FTIR spectra of fraction F2 show the predominance of aromatic components in its composition
(Figure 4) responsible for the intense absorption bands at ~1620 and ~1517 cm−1 correspond-
ing to C-C stretches in the aromatic ring. Other most intense peaks at 1260–1100 cm−1 related
to C-O-C stretching allow for attributing them to phlorotannins. Rather intense absorption at
~1450 and 1370 cm−1 (asymmetric and symmetric C-H bending in aliphatic structures, respec-
tively) may indicate the presence of methyl or other hydrocarbon moieties as substituents or
admixtures originating from other types of lipophilic extractives present in the algal biomass—
carotenoids, steroids, lipids, etc. In general, the recorded FTIR spectra correspond well to
those published in the literature for algal phlorotannins [28,29]. Considering that the yield of
the acetone-soluble fraction is close to the content of polyphenols in the plant material, this
gives reason to believe that fraction F2 is almost completely represented by phlorotannins and
contains only minor admixture of other lipophilic compounds.
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This finding is confirmed by molecular weights and molecular weight distributions of
the F2 fractions obtained by size-exclusion chromatography. As can be seen from Table 4,
weight-average molecular weight (Mw) values of all the obtained fraction F2 preparations
fall into a rather narrow range of 10–20 kDa.

Table 4. Number- (Mn) and weight-average (Mw) molecular weights, and polydispersity indices
(PDI) of the fractions F2, obtained after IL treatment at different temperatures.

Ionic Liquid Temperature, ◦C Mn, kDa Mw, kDa PDI (Mw/Mn)

[bmim]OAc

80 6.3 10.1 1.6
100 6.5 10.8 1.6
120 6.3 12.8 1.7
150 6.6 13.1 2.0

[bmim]Cl

80 4.1 10.3 2.5
100 4.4 10.4 2.4
120 4.5 10.7 2.4
150 9.8 17.1 1.7

[bmim]MeSO4

80 8.6 14.2 1.7
100 9.1 16.9 1.9
120 9.4 17.9 1.9
150 11.1 20.3 1.8

The relatively low values of polydispersity indices (PDI) indicate the small proportion
of low-molecular compounds and, as a consequence, the high homogeneity of the samples.
It should be noted that an increase in the treatment temperature, especially in the range
120–150 ◦C, leads to an increase in the molecular weights of the isolated phlorotannins. This
is explained by the side processes of polyphenol condensation at higher temperatures. The
latter can be promoted by acidic medium; thus it is natural that the samples obtained with
more acidic bmim chloride and methylsulfate at 150 ◦C demonstrate higher polymerization
degrees when compared to [bmim]OAc.

For a more detailed characterization of the polyphenolic fractions, their two-dimensional
HSQC (heteronuclear single quantum coherence) NMR spectra were recorded and analyzed
for the samples obtained after 24 h treatment at 150 ◦C (Figure 5).

The residual presence of ILs in the sample results in the most intense signals on the
spectrum. However, their chemical shift is located in the non-target region of the spectrum
and does not interfere with the identification of target compounds. To determine the
possibility of extracting polyphenolic compounds from algae using ILs, it is necessary to
analyze the aromatic region of the spectrum at δC/δH 90–140/5.0–7.5 ppm. It is known
that the main polyphenolic compounds of algae are phlorotannins, which are characterized
by clusters of signals with chemical shifts at 90–100/5.5–6.0 ppm, which is clearly observed
in the experimental spectrum. In addition, the spectrum shows clear signals in the aromatic
region, which can be correlated with the structures of amino acids such as phenylalanine
and tyrosine based on their chemical shifts (δC/δH 110–140/6.5–7.3 ppm). However,
identification of all amino acids present in fraction F2 is currently impossible. Further
research is underway. It is worth noting that the obtained spectra do not show any signals
corresponding to polysaccharides.
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3. Materials and Methods
3.1. Reagents and Materials

1-Butyl-3-methylimidazolium acetate, chloride, and methyl sulfate (BASF quality,
>95%) were purchased from Sigma-Aldrich (Steinheim, Germany). Algae biomass fraction-
ation was carried out with the use of “chem. pure” grade acetone (Komponent-Reaktiv,
Moscow, Russia) and deionized water obtained with the Milli-Q system (Merk Millipore,
Molsheim, France).

Brown alga bladderwrack (Fucus vesiculosus) thallus plant material was purchased
from the Arkhangelsk Seaweed Plant (Arkhangelsk, Russia) as a dried and powdered com-
mercial product with the following characteristics: alginates—35.4%, other carbohydrates—
20.0%, ash—22.1%, polyphenols—10.0%, proteins—7.0%, water—4.0%, fats—1.5%.

3.2. Algal Biomass Fractionation

An accurately weighed 50 mg sample of algal biomass was placed in a 2.5 mL glass
vial containing 1 mL of IL. The mixture was subjected to a thermal treatment at 80–150 ◦C
for 2–24 h under constant agitation. After the treatment, the reaction mixture was separated
by centrifugation into an insoluble residue fraction (if present) and a solution in IL. A 5-fold
excess of acetone was added to the obtained solution, and the resulting precipitate (fraction
F1) was separated from the liquid phase by filtration. Then the acetone was removed
from the solution under a vacuum on a rotary evaporator, and a dark viscous liquid with
a volume of ~1 mL was obtained. The fraction F2 was isolated through precipitation
by adding 5-fold excess of water, cooling to 4 ◦C, and leaving it overnight in nitrogen
atmosphere, followed by filtration. Both obtained fractions were dried in a vacuum oven
to the constant weight. To enhance the reliability of the obtained results, at least three
repetitions of the biomass dissolution and fractionation procedure were performed.
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3.3. Size-Exclusion Chromatography

Determination of the molecular weights and molecular-weight distributions of the
polyphenolic fractions (F2) was carried out by size-exclusion high-performance liquid
chromatography using an LC-20 Prominence HPLC system (Shimadzu, Kyoto, Japan)
consisting of an SIL-20A autosampler, an LC-20AD pump, a DGU A3 vacuum degasser,
an STO-20A column thermostat, and an SPD-20A spectrophotometric detector. Separation
was performed at 50 ◦C on a Polargel-M chromatographic column (Agilent, Santa Clara,
CA, USA), 300 × 7.5 mm. Lithium bromide solution (0.0125 M) in DMF was used as a
mobile phase with a flow rate of 1 mL min−1. Detection was performed at a wavelength of
275 nm. The system was calibrated with monodisperse polystyrene standards (PSS, Mainz,
Germany) in a molecular weight range of 0.35–187 kDa.

3.4. Monosaccharide Analysis

Six target monosaccharides (glucose, xylose, galactose, arabinose, mannose, fructose)
were determined by high-performance ligand exchange chromatography (HPLEC) with
refractometric detection according to the procedure described earlier [30]. A Nexera XR
HPLC system (Shimadzu, Kyoto, Japan) which consisted of a DGU-5A vacuum degasser,
an LC-20AD chromatographic pump, a SIL-20AC autosampler, a CTO-20AC column ther-
mostat, and an RID-20A refractometric detector was used. The chromatographic separation
was carried out at 75 ◦C on a Rezex RPM-Monosaccharide Pb+2 column (Phenomenex,
Torrance, CA, USA), 300 × 7.8 mm, using the pure water (flow rate 0.6 mL min−1) as a
mobile phase. The injection volume was 10 µL. The system control and quantification of
the analytes were performed using LabSolution software ver. 5.71 SP1 (Shimadzu, Kyoto,
Japan). The HPLC system was calibrated using the aqueous standard solutions of the
monosaccharide mixture with concentrations of 10–1000 mg L−1.

The total monosaccharide content was determined after a preliminary two-stage acid
hydrolysis of the extracts according to the following procedure. The dry extract sample
(10 mg) was placed in a 4 mL conical glass vial, poured with 100 µL of 72% sulfuric acid,
and kept at 30 ◦C for 60 min in a Reacti-Therm reaction system (Thermo Scientific, Waltham,
MA, USA) equipped with a heating block and a magnetic stirring module. Then, 2.5 mL
of water was added and the reaction mixture was heated to 100 ◦C, kept for 3 h under
continuous stirring, and allowed to cool down at ambient conditions. After neutralizing the
acid by adding an excess of BaCO3 and centrifugation, the obtained solution was injected
to the HPLC system. All assays were performed in triplicate.

3.5. FTIR and NMR Spectroscopy

IR spectra were obtained on a Vertex 70 IR Fourier spectrometer (Bruker, Bremen,
Germany) equipped with a GladiATR attenuated total reflection (ATR) system (Pike Tech.,
Madison, WI, USA) with a diamond prism. The spectra were recorded under the following
conditions: spectral range 4000–400 cm−1, resolution 4 cm−1, 128 scans. The resulting IR
spectrum was subjected to ATR correction with transformation to absorbance units. The
instrument was controlled and the spectra were processed with an OPUS software package
ver. 8.2.28 (Bruker, Bremen, Germany).

The NMR spectra were recorded on an AVANCE III NMR spectrometer (Bruker,
Ettlingen, Germany) with a working frequency for protons of 600 MHz. The 1H-13C HSQC
(Heteronuclear Single Quantum Correlation) spectra were recorded using the following
parameters: temperature—298 K, spectral window width ~13 ppm for F2 and ~200 ppm
for F1 with a number of accumulations—1024 × 256, number of scans—8, delay time
between pulses (D1)—2.0 s. To register the 1H-13C HSQC spectra, about 40 mg of sample
was dissolved in 0.5 mL of DMSO-d6.

4. Conclusions

1-Butyl-3-methylimidazolium-based ionic liquids possess high dissolution power
towards brown algae biomass and can be used for its fractionation into separate polysaccha-
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ride and polyphenolic constituents within the biorefinery concept. The effectiveness of ILs
as solvents is determined by the nature of anion and increases in the following series cor-
responding to an increase in the anion basicity: [bmim]MeSO4 < [bmim]Cl < [bmim]OAc.
The use of the latter IL ensures dissolution of most bladderwrack (Fucus vesiculosus) plant
material at temperatures above 120 ◦C and up to 92% during 24 h treatment at 150 ◦C. The
fractionation strategy involving sequential precipitation of the fractions from IL solution
with acetone and water allows for obtainment of the polysaccharide mixture (alginates,
cellulose, and fucoidan) and polyphenols (phlorotannins) with the yields of ~40 and ~10%,
respectively. Polyphenolic fraction does not contain significant amounts of carbohydrates
and can be near-quantitatively extracted from the algal biomass by any of the three studied
ILs even under mild conditions (80–100 ◦C). It contains mainly phlorotannins with a weight-
average molecular mass of 10–20 kDa and rather low polydispersity (PDI = 1.6–2.5), as well
as an admixture of low-molecular lipophilic substances. Efficient isolation of polysaccha-
rides requires harsh conditions of IL treatment and the use of bmim acetate as a biomass
solvent. Higher temperatures facilitate isolation of fucoidan, while alginic acids can be
extracted under milder conditions.

Our conceptual study opens up prospects for the development of new approaches
for algal biomass valorization for the eco-sustainable production of various products.
In this regard, further research should be focused on the detailed characterization of
the obtained fractions, optimization of IL treatment conditions, and the development of
effective procedures for separation of individual polysaccharides and biologically active
low-molecular-weight secondary metabolites.
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Abstract: This study presents the synthesis of a basic heterogeneous catalyst based on sodium
functionalized biochar. The murici biochar (BCAM) support used in the process was obtained
through the pyrolysis of the murici seed (Byrsonimia crassifolia), followed by impregnation of the
active phase in amounts that made it possible to obtain concentrations of 6, 9, 12, 15 and 18% of sodium
in the final composition of the catalyst. The best-performing 15Na/BCAM catalyst was characterized
by Elemental Composition (CHNS), Thermogravimetric Analysis (TG/DTG), X-ray diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM), and Energy
Dispersion X-ray Spectroscopy (EDS). The catalyst 15Na/BCAM was applied under optimal reaction
conditions: temperature of 75 ◦C, reaction time of 1.5 h, catalyst concentration of 5% (w/w) and
MeOH:oil molar ratio of 20:1, resulting in a biodiesel with ester content of 97.20% ± 0.31 in the
first reaction cycle, and maintenance of catalytic activity for five reaction cycles with ester content
above 65%. Furthermore, the study demonstrated an effective catalyst regeneration process, with the
synthesized biodiesels maintaining ester content above 75% for another five reaction cycles. Thus,
the data indicate a promising alternative to low-cost residual raw materials for the synthesis of basic
heterogeneous catalysts.

Keywords: murici seed; biochar; biodiesel; basic heterogeneous catalyst; agroindustrial residue

1. Introduction

In recent decades, emissions of gases that contribute to the greenhouse effect have
increased due to the growing demand for energy [1]. The development of a clean, ecological,
sustainable alternative that meets the needs of the market has been widely discussed by
the scientific community around the world [2,3]. In this scenario, biodiesel has attracted
attention because of its properties, which are similar to fossil diesel [4,5], as well as by
having advantages, such as the emission of less toxic suspended particles, lower emission
of smoke and byproducts of its combustion, and greater safety and production capacity
from renewable sources [6].

Chemically, biodiesel is a mixture of alkyl esters of fatty acids derived from renew-
able sources such as vegetable oils, waste oils, animal fats, and greases [7]. This biofuel
can be obtained via esterification of fatty acids or via transesterification of triglycerides
with a short-chain alcohol, usually using acidic, basic, or enzymatic catalysts [8–10]. The
application of heterogeneous catalysts in the transesterification of oils offers advantages
for reducing costs in the production of biofuels because they are easy to separate, noncor-
rosive, reusable, and can be regenerated [11–14]. In this scenario, several supports were
investigated. These supports included ZrO2 [15], SrFe2O4 [16], CuFe2O4 [17], TiO2 [18],
Na2Ti3O7 [19], and SiO2 [20]. The objective was to increase the dispersion of active phases
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on such supports, as well as increase the reuse capacity of these catalysts. In addition,
activated carbon from residual biomass can be used as a potential support [21].

Biochar is a carbonaceous material that can be obtained from the thermochemical
degradation of biomass. It can be obtained through several techniques, such as pyrolysis,
carbonization, liquefaction, and hydrothermal carbonization and roasting, in which the
materials generated will have physicochemical characteristics from the biomass used, as
well as the functionalization and activation process [22,23]. Biochar can exhibit indispens-
able catalytic properties, such as having customizable porous structures, excellent stability
in acidic or basic media, and an extensive specific surface area [24]. Several studies of
preparation of carbon-based catalysts or biochar from different residual biomasses, func-
tionalized with several active phases, have been reported [25], such as: murumuru kernel
shell [26–28] avocado seed [29], date seed [21], rice husk [30], pomelo peel [31], banana
peel [32,33], chicken manure [34], citrus fruit peel [35], coconut coir husk [36] and coffee
husk [37].

Murici (Byrsonimia crassifolia) is a small-sized tree native to South America and
widespread throughout the Amazon region. The fruit is of the trilocular drupe type,
rounded, about 1.5–2.0 cm in diameter, with the pulp constituting 70.9% of the fruit. It
possesses a yellowish coloration when ripe with characteristic aroma and taste. The seed is
rounded, rigid, and constitutes 29.1% of the fruit [38,39]. Fruiting occurs usually between
November and May, with productivity of around 12.0 kg per tree. The murici fruit is
appreciated by local populations, usually raw, and its pulp is used in the manufacturing of
juices, sweets, creams, jellies, ice cream, and liqueurs [40].

Bitonto et al. [29] prepared a biochar from the pyrolysis of avocado seeds in a tubular
oven at 900 ◦C for 2 h in an atmosphere of N2 and then investigated the catalytic activity
with different concentrations of CaO (5, 10, and 20%). The authors concluded that the
best catalytic activity in the biodiesel synthesis process was the catalyst synthesized with
20% CaO concentration. This catalyst was used in the transesterification of sunflower oil
with methanol in the optimal reaction condition of temperature of 99.5 ◦C, reaction time
of 5 h, catalyst concentration of 7.3% w/w and MeOH:oil molar ratio of 15.6:1, provided a
biodiesel with ester content of 99.5%, and three reaction cycles of the catalyst heat treated in
a tubular oven at 550 ◦C for 3 h under an atmosphere of N2. Based on the results obtained,
the authors concluded that the increase in the concentration of calcium oxide in the biochar
positively affected the basicity of the material, which consequently led to an increase in the
catalytic activity in the transesterification reaction of triglycerides.

Jamil et al. [21] studied four heterogeneous carbon-based catalysts impregnated with
15% by mass of alkaline metal oxides (CaO, MgO, BaO and SrO). The carbon-based material
was obtained from the tubular furnace carbonization of the dates’ residue (400 ◦C/5 h)
produced after the extraction of their oil. The biodiesel synthesis was conducted with
methanol and using four types of oils, date, coconut, palm, and waste cooking oil, at
temperatures of 55–75 ◦C, reaction times of 0.5–2.5 h, catalyst concentration of 1–5% and
MeOH:oil molar ratio of 6:1–18:1. The biodiesel yield obtained was 94.27% under the best
reaction conditions and maintenance of high catalytic activity for eight reaction cycles when
the catalyst consisting of carbon and strontium oxide was applied. In addition, the authors
suggested the use of this catalyst in the transesterification reaction regardless of the oil
used in the process.

Thus, the present study aims to synthesize a heterogeneous basic catalyst based on
biochar produced from the residual biomass of murici functionalized with sodium. It also
aims to evaluate its applicability in the transesterification reaction of soybean oil via the
methyl route, as well as to study its ability to be reused and regenerated in the process of
biodiesel synthesis.
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2. Results and Discussion
2.1. Influence of Sodium Percentage

One of the main factors that can influence the ester content of biodiesel, as well as
its other physicochemical properties, is the catalyst used in the transesterification reaction
and this, in turn, has a direct relationship with its synthesis process. Thus, the influence of
sodium percentages 6, 9, 12, 15 and 18% on the final catalyst composition in the biodiesel
production process was evaluated. In this preliminary step, the catalytic tests were per-
formed under fixed reaction parameters: temperature of 120 ◦C, reaction time of 3 h,
catalyst concentration of 8% and MeOH:oil molar ratio of 24:1. Figure 1 presents the results
obtained in the study on the influence of the percentage of sodium present in the catalysts,
as well as the basicity data of the murici biochar (BCAM) support and catalysts studied.
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Based on Figure 1a, it is initially inferred that there is a direct relationship between the
percentage of functionalization of biochar and the ester content of biodiesel. During the
study, it was observed that 6Na/BCAM did not efficiently conduct the transesterification
reaction due to providing the lowest ester content value in biodiesel (85.22% ± 0.55) among
all catalysts used. The low catalytic activity presented may be related to the insufficient
amount of active sites responsible for the conversion of triglycerides into esters [41,42]. In
addition, it is possible to observe that by tripling the percentage of active phases present
in the catalyst composition, that is, by employing the catalyst 18Na/BCAM, an increase
of 13.20% in the ester content of biodiesel is observed, reaching the maximum value of
98.42% ± 0.29 and establishing a linear growth trend of the ester content of biodiesels as
the percentage of the active phase impregnated in the BCAM support increases.

It is worth noting that the catalysts 15Na/BCAM and 18Na/BCAM present biodiesels
with similar ester contents, with about a 1.09% difference. This may be an indication that im-
pregnations with higher percentages of active phases would not cause a significant impact
on the catalytic performance of the catalysts during the conduction of the transesterification
reaction. In addition, this fact may be linked to the saturation of these active sites or the
high viscosity of the reaction system together with the excess of the active phase, hindering
the mass transfer between the MeOH:oil system with the active sites of the catalyst and
leading to negligible increases in the conversion of triglycerides to esters [7,18]. Thus,
considering the small difference between the synthesized biodiesels and the additional
operational cost in the synthesis process to impregnate 3% more active phase in the BCAM
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support, the percentage corresponding to 15% sodium (the catalyst 15Na/BCAM) was
selected for the continuity of the study.

In addition, the selected catalyst leads to a biodiesel with an ester content of 97.3%,
14 times higher than the ester content of biodiesel achieved when only the BCAM support was
used (6.95% ± 0.36 ester content). The increase in ester conversion observed can be attributed
to the increase in the basic groups of the catalyst 15Na/BCAM (3.911 mmol g−1 ± 0.031) rela-
tive to the BCAM support (0.513 mmol g−1 ± 0.060), caused by the process of impregnation
of the active phase, as can be seen in the data presented in Figure 1b. This behavior was also
observed by Zhao et al. [31], who reported basicity values of 0.2 mmol g−1 for the pomelo
peel biochar and 9.0 mmol g−1 for the catalyst based on biochar impregnated with 25%
K2CO3 achieving biodiesel with yields of 5.6% and 98%, respectively. Furthermore, in the
study by Zhao et al. [30], the basicity value for rice husk biochar was 1.5 mmol g−1, while
the basicity determined for the catalyst impregnated with 30% CaO was 11.4 mmol g−1,
resulting in biodiesels with yields of 12.5 and 93.4%, respectively.

It is noteworthy that the 15Na/BCAM catalyst demonstrated high catalytic activity
with 15% of the active phase impregnated on the support (ester content of 97.33% ± 0.38),
while the avocado biochar catalyst functionalized with 20% Ca (w/w) led to a biodiesel with
methyl ester content (FAME) of only 82.7% [29]. In addition, Zhang et al. [4] synthesized a
magnetic catalyst Na2SiO3@Ni/C that was used in the optimal reaction condition, resulting
in a biodiesel with a yield of 98.1%, a value slightly higher than the ester content obtained in
this study when the catalyst 15Na/BCAM was used. However, this yield of 98.1% achieved
in the use of the catalyst in the Na2SiO3@Ni/C is conditioned on the use of 56% sodium
silicate, the equivalent of 21.1% sodium, that is, a 6% more active phase compared to that
present in the catalyst 15Na/BCAM developed in this study.

2.2. Characterization of Materials
2.2.1. Elemental Analysis (CHNS)

The results of the elemental analysis for murici seed, BCAM support and catalyst
15Na/BCAM are shown in Table 1. When comparing the results obtained for the murici
seed biomass and for the BCAM support, it can be noticed that the carbon (C) content
increases from 45.17 to 71.72%, while the oxygen (O) content decreases from 50.87 to 24.81%.
This can be attributed to the thermal degradation of the lignocellulosic components during
the carbonization process of the murici seed, which results in the elimination of groups
that have oxygen, hydrogen, and nitrogen in their structure, resulting in an increase in the
carbon content present in the BCAM support [36,43]. In addition, there is a subtle decrease
in the hydrogen content (H) from 2.88 to 1.49% and nitrogen (N) from 2.82 to 1.82%. The
results obtained for the catalyst 15Na/BCAM suggest an increase from 24.81 to 28.60%
in the oxygen (O) content compared to the BCAM support and indicate the presence of
silicon (Si) and sodium (Na) percentages of 9.53 and 5.82%, respectively. These elements
are assigned to the impregnation step carried out in the catalyst synthesis process.

Table 1. Elemental composition of the murici seed, BCAM support and catalyst 15Na/BCAM.

Sample C H N O a Na b Si b

Murici seed 45.17 ± 0.04 2.88 ± 0.02 2.82 ± 0.01 49.07 - -
BCAM 71.72 ± 0.03 1.49 ± 0.01 1.98 ± 0.01 24.76 - -

Catalyst 15Na/BCAM 53.85 ± 0.03 1.33 ± 0.01 0.87 ± 0.01 28.45 9.53 5.82
a Determined by difference (C + O + N + H = 100%) per Lim et al. [44]. b Not detected, determined by difference
and stoichiometric ratio.

2.2.2. TG/DTG Thermogravimetric Analysis

The knowledge of the thermal stability of the synthesized materials at different tem-
peratures is of paramount importance since it helps in optimizing the process of preparing
the materials [16]. Thus, TG and DTG thermogravimetric analyses were performed in order
to understand the synthesis process of the BCAM support and the catalyst 15Na/BCAM. In
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addition, the thermal stability of the BCAM support after its formation was also analyzed,
as well as the sodium silicate precursor (Na2SiO3), as can be seen in Figure 2.
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Figure 2a presents the TG and DTG curves for the murici seed, in which the occurrence
of three main mass loss events is observed. Event 1, corresponding to a mass loss of
approximately 4%, occurs in the 25–100 ◦C range and can be attributed to the loss of water
molecules adsorbed on the surface of the material [31]. Event 2, about 13.5%, temperature
range 140–286 ◦C, is attributed to the onset of pyrolysis of lignocellulosic components of
lower thermal stability, i.e., hemicellulose [43,44]. Event 3, with a mass loss of 29%, in
the 200–380 ◦C temperature range, corresponds to the thermal degradation of the other
lignocellulosic components, cellulose, and lignin, which have more complex structures and,
as a consequence, are more resistant to pyrolysis [44].

From the analysis of the TG and DTG curves referring to the BCAM support, shown
in Figure 2b, it is possible to identify three mass loss events. Event 1, approximately 2%,
temperature range 25–100 ◦C, shows a loss of water physically bound to the surface [45],
while the mass losses in the temperature range 430–640 ◦C (event 2) and between 910
and 980 ◦C (event 3) correspond to pyrolysis of lignocellulosic compounds (hemicellulose,
cellulose, and lignin) not volatilized during biochar synthesis by carbonization of the murici
seed [27].

Figure 2c,d show the TG and DTG curves for Na2SiO3 and catalyst 15Na/BCAM,
respectively. The TG and DTG curves present in Figure 2c indicate the occurrence of
two main mass loss events. The first, of 13.5% (range 25–85 ◦C), and the second, 29%
(range 100–300 ◦C), can be attributed to the elimination of water molecules (i) adsorbed
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on the surface and (ii) structurally bound to the material [46,47]. Based on the analysis
of the TG and DTG curves shown in Figure 2d, it is possible to identify five main events
of mass loss. Event 1, which corresponds to the temperature range 58–100 ◦C, refers to a
mass loss of 3% and may be attributed to loss of physically bound water and structure [45].
Event 2, in the temperature range 350–400 ◦C, corresponds to a mass loss of 3% and is
related to the process of dihydroxylation of OH groups [31]. The mass loss event 3, with
about 10% and occurring in the temperature range 470–650 ◦C, and event 4, with a mass
loss of approximately 2% in the temperature range 740–765 ◦C, as well as event 5, with mass
loss of 4.5% in the range 940–980 ◦C, can be attributed to the degradation of carbonaceous
structures (hemicellulose, cellulose, and lignin) not completely carbonized during the
preparation of the BCAM support [26,27,48].

2.2.3. X-ray Diffraction (XRD)

X-ray diffractograms for the BCAM support, in the Na2SiO3 and catalyst 15Na/BCAM,
are set forth in Figure 3. In the diffractogram referring to the BCAM support (black line), a
diffraction peak characteristic of the presence of lignocellulosic materials in the region of
2θ = 22.5◦ associated with the microcrystalline structure of cellulose can be observed [12]. In
addition, the diffractogram showed a halo in the region of 2θ = 15–30◦ assigned to plane 002
typical of amorphous carbon structures, and a less intense halo in the region of 2θ = 40–50◦

to plane 101 of amorphous carbonaceous structures [26,27], while the peaks at 2θ = 28.9◦

and 2θ = 43.14◦ correspond to planes 002 and 101 in graphitic carbons, respectively [49].
The diffractogram for the BCAM support showed peaks in regions 2θ = 36◦, 39.3◦, 44.6◦,
47.3◦, 48.4◦, 57.34◦, 61◦ and 65◦ attributed to the CaCO3 structure [50–52].
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It is worth highlighting that the presence of inorganic materials in the biochar struc-
ture is reported in the literature, such as in the studies conducted by Jitjamnong et al. [32],
who synthesized a biochar derived from banana peel and observed the presence of potas-
sium and calcium oxides. Conversely, in their study with biochar from banana peel,
Patel et al. [33] reported the presence of CaCO3 structures. In the studies reported by
Zhao et al. [30], the presence of SiO2 was observed in the structure of biochar obtained
from rice husk; they concluded that the presence of these inorganic structures does not
attribute catalytic activity to biochar when applied in the transesterification reaction, for it
achieved a biodiesel yield of only 12.5%.

Major peaks present in the diffractogram of Na2SiO3 (red line) in the regions of
2θ = 17.1◦, 24◦, 32.9◦, 36.4◦, 44.5◦, 47.9◦, 50.6◦ and 61.8◦ are mainly attributed to the struc-
ture of Na2SiO3.9H2O and crystalline Na2SiO3 in the orthorhombic phase [53,54]. In
addition, the peaks present in 21.8◦, 26.7◦, 29.5◦, 42.2◦, 43.4◦ and 58.4◦ indicate the presence
of SiO2 [8,42,55,56]. The presence of Na2O is indicated by peaks in the regions of 28.3◦,
32◦, 46.3◦ and 55.9◦ [57]. In the diffractogram relative to the catalyst 15Na/BCAM (blue
line), the peak was initially observed in 2θ = 22.5◦ assigned to the microcrystalline phase
of cellulose [12], and peaks at 2θ = 28.9 and 2θ = 43.14 were assigned to planes 002 and
101 in graphitic carbons, respectively [49]. In addition, the typical halos of amorphous
carbonaceous materials were observed in the regions of 2θ = 15–30◦ and 2θ = 40–50◦ as-
signed to plane 002 and plane 101, respectively [26,27]. Finally, peaks were observed in
2θ = 35.1◦, 37.8◦, 38.8◦, 39.84◦, 47.1◦ and 48.4◦, attributed to the CaCO3 structure [50,51]
and at 2θ = 30.1◦, 32.9◦, 34.12◦, 35.9◦, 39.4◦ and 46.4◦, characteristic of the orthorhombic
crystalline phase of Na2SiO3 [53,54].

2.2.4. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra for the BCAM support in the Na2SiO3 and catalyst 15Na/BCAM are set
forth in Figure 4. For the spectrum of the BCAM support (black line), typical vibrational
bands of carbonized lignocellulosic materials were identified at 1712 and 1570 cm−1, at-
tributed to the C=O and C=C bond stretch, respectively, characteristics of the presence of
carboxylic groups and aromatic rings [12,26]. The vibrational bands observed at 1424 cm−1

and 873 cm−1 correspond to antisymmetric stretching and out-of-plane and in-plane vibra-
tional modes, respectively, assigned to the carbonate group (CO−2) [33]. This reinforces the
presence of CaCO3 structures, as indicated by the XRD analysis. In addition, the presence
of the vibrational band in the region of 740 cm−1 is observed in the spectrum assigned to
bond stretch =C–H [26].

The spectrum referring to the Na2SiO3 (red line) shows vibrational bands at 1444 cm−1

and 1000 cm−1 characteristics of symmetric and antisymmetric stretches of Si–O–Si and
Si–O–Na bonds, respectively [53,58]. The vibrational band present at 883 cm−1 can be
attributed to the antisymmetric stretching of the bond Si–O–H characteristic of bonds of
silanol groups present in the hydrated form of sodium silicate (Na2SiO3·9H2O) [58]. Finally,
the spectrum referring to the catalyst 15Na/BCAM (blue line) shows vibrational bands
in the regions of 1570 cm−1 and 740 cm−1 assigned to C=C and =C–H bond stretches,
respectively, characteristics of aromatic chains [12,26]. The vibrational bands present at
1444 cm−1 and at ~1006 cm−1 are attributed to the antisymmetric stretching of the bonds
Si–O–Si and antisymmetric Si–O–Na, respectively [53,58]. In addition, a vibrational band
is observed in the region of 883 cm−1 attributed to the antisymmetric stretching of the
Si–O–H bond [58].
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2.2.5. Scanning Electron Microscopy (SEM)

Micrographs of the BCAM support and the catalyst 15Na/BCAM are shown in Figure 5.
The micrographs referring to the BCAM support are shown in Figure 5a,b and indicate
that the BCAM support has an irregular surface morphology with a wide well-developed
pore network, formed by the release of gases during the carbonization of organic matter
rich in lignocellulosic compounds [26,29,37]. Figure 5c,d show the surface morphology
of the catalyst 15Na/BCAM, in which it is possible to observe a marked decrease in the
porosity of the support. This is directly related to the impregnation process and, as a
consequence, of the anchoring of sodium silicate on the biochar surface. In addition, it can
be seen that the deposited sodium silicate does not possess a defined morphology, with
small, agglomerated regions of whitish color [46,59].

2.2.6. Energy Dispersion X-ray Spectroscopy (EDS)

The composition and elemental mapping for the BCAM support are shown in Figure 6.
It can be observed through the composition (Figure 6a) and elemental mapping (Figure 6b)
that the BCAM support has a large carbon content (C), about 86.94% ± 0.126 distributed
homogeneously, and a relatively low oxygen content (O), approximately 11.65% ± 0.016,
homogeneously dispersed in the material with small concentration regions. Both are
directly related to the pyrolysis process in nitrogen atmosphere to which the biomass was
subjected. Furthermore, these values are close to those indicated in the results of CNHS,
71.72% ± 0.03 for the carbon content (C) and 24.76% for the oxygen content (O). This small
difference between the contents found may be linked to the method of quantification of the
elemental composition of the sample used by each technique. Additionally, the composition
(Figure 6a) and the elemental mapping (Figure 6b) for the BCAM support indicated the
presence of small regions containing calcium (Ca) and oxygen (O) homogeneously and in
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small clusters. These results are in consensus with the results shown in the XRD analysis,
which indicated the presence of calcium carbonate in the crystalline phase present in the
BCAM support. However, despite constituting about 1.41% ± 0.024 of the sample, this
percentage of calcium carbonate does not attribute catalytic activity to the BCAM support
since the ester content value achieved for the biodiesel produced from the reaction using
only the BCAM support (blank reaction) was 6.95% ± 0.36.
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surface of BCAM support.

Figure 7 shows the composition and elemental mapping for catalyst 15Na/BCAM. The
elemental composition shown in Figure 7a initially exposes the presence of 6.32% ± 0.157
sodium in the catalyst, which suggests that the impregnation process was efficient. In
addition, the presence of 2.79% ± 0.512 silicon (Si) is also observed, a value close to the
value of the 2:1 stoichiometric ratio of Na:Si present in Na2SiO3. Moreover, it is possible
to perceive the presence of the elements carbon (C), oxygen (O), and calcium (Ca) in the
values of 68.68% ± 0.157, 21.11% ± 0.048 and 1.1% ± 0.034, respectively, referring to the
elemental composition of the BCAM support. It should be noted that the increase in the
percentage of the oxygen element (O) is directly related to the process of impregnation of
the BCAM support as a function of the percentage of sodium from the precursor in the
Na2SiO3. Additionally, the elemental mapping for the 15Na/BCAM catalyst shown in
Figure 7b suggests good dispersion of the elements carbon (C), oxygen (O), sodium (Na),
silicon (Si), and calcium (Ca) on the catalyst surface.

2.3. Study of the Influence of Reaction Parameters for Biodiesel Synthesis

The study of process optimization is one of the main aspects that must be considered
so that the biodiesel production process becomes economically viable for large-scale com-
mercialization [16]. Thus, in order to determine the optimal reaction conditions, the study
of the reaction variables temperature, reaction time, catalyst concentration and MeOH:oil
molar ratio in the transesterification reaction of soybean oil using the catalyst 15Na/BCAM
was performed. Figure 8 shows the results obtained.
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The temperature parameter is one of the factors with the greatest influence on the trans-
esterification reaction. The study range used for temperature was 60–120 ◦C, keeping the
other variables fixed: reaction time of 2 h, catalyst concentration 3% (w/w) and MeOH:oil
molar ratio of 20:1. It can be inferred from Figure 8a that, as the reaction temperature rises,
there is an increase in the conversion of triglycerides into esters, as observed at the reaction
temperatures of 60, 75, 90, 105 and 120 ◦C, in which the synthesized biodiesels obtained
ester contents of 83.53 ± 0.51, 95.82 ± 0.61, 97.73 ± 0.55, 99.10 ± 0.44 and 99.31% ± 0.51,
respectively. Initially, this may be related to the endothermic character of the transesteri-
fication reaction, which requires quantities of heat to proceed in a straight direction [56],
that is, as the temperature increases, there is a tendency to produce biodiesels with higher
ester contents. In addition, high temperatures in the process promote better interactions
between the reagents and, as a consequence, there are greater interactions of these with the
active sites of the catalyst, resulting in better conversions [41]. However, it was observed
that when the temperature was raised from 105 to 120 ◦C and from 90 to 105 ◦C, there were
small increases in the ester contents of biodiesels, by about 0.21 and 1.58%, respectively. It
is worth noting that the temperatures of 75 and 90 ◦C led to biodiesels with similar ester
contents with a difference of only 1.91%. Thus, considering the energy cost to provide an
additional 15 ◦C, the temperature of 75 ◦C was selected for the continuity of the study.

The reaction time is also an essential parameter when considering the biodiesel pro-
duction process, as it significantly influences the catalytic activity of the catalyst used in the
process [7]. The time optimization study was performed in the range of 0.5–2.5 h, fixing
the other variables: temperature 75 ◦C, catalyst concentration 3% (w/w) and MeOH:oil
molar ratio of 20:1. The data illustrated in Figure 8b suggest that the reaction time of 0.5 h
is insufficient to conduct the reaction efficiently, providing a biodiesel with an ester content
of 84.84% ± 0.42. This fact can be attributed to insufficient time for the interaction between
the reagents and the active sites of the catalyst [42]. It is also possible to suggest, based on
Figure 8b, a linear growth relationship between the reaction time and the ester content, as
observed more explicitly in the reaction times of 0.5, 1.0 and 1.5 h, which led to biodiesels
with ester contents of 84.84 ± 0.42, 92.10 ± 0.33 and 97.33% ± 0.34, respectively. However,
when the reaction time was increased from 2 h to 2.5 h, a subtle increase in the ester content
of about 0.32% was observed. In addition, the reactions conducted in the reaction times of
1.5 and 2 h provided biodiesels with very close ester contents, with a difference of 1.11%.
Thus, in view of the economy of the biodiesel production process, the reaction time chosen
was 1.5 h.

The study on the influence of catalyst concentration is illustrated in Figure 8c. The
variables temperature of 75 ◦C, reaction time of 1.5 h and MeOH:oil molar ratio of 20:1
were kept fixed and the concentration of catalyst used in the transesterification reaction
varied from 1 to 5%. When the reaction was processed using a 1% catalyst concentration,
a biodiesel with ester content of 52.72% ± 0.84 was obtained. This low conversion to
esters observed is directly linked to the insufficient number of active sites available for the
reaction to process efficiently, as reported by Jamil et al. [21]. In addition, it was observed
that, as the concentration of catalysts used in the reaction increased, there was an increase
in the content of esters in biodiesels, reaching a maximum value of 97.22% ± 0.31 when the
concentration of 5% was used in the process. Thus, the catalyst concentration of greater
viability for the reaction process was 5% (w/w).

Finally, the influence of the MeOH:oil molar ratio on the transesterification reaction is
shown in Figure 8d. The parameters of temperature 75 ◦C, reaction time 1.5 h and catalyst
concentration of 5% (w/w) defined during the study were kept fixed. Numerous studies
based on the stoichiometry of the transesterification reaction report that only 3 moles of
alcohol are needed for the reaction to proceed. However, based on the reversible character
of this reaction, excess alcohol is used [21]. It can be inferred from Figure 8d that the
biodiesels obtained from the molar ratios of 12:1 and 16:1 presented low ester contents of
66.22 ± 0.68 and 81.61% ± 0.61, respectively. This trend may be related to an insufficient
amount of alcohol in order to react with the triacylglycerols [42]. However, when the molar
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ratio was raised from 24:1 to 28:1, there was a small increase in conversion, about 0.89%.
This may be attributed to the extremely diluted reaction system caused by excess methanol,
which hinders the interaction between the reagents and the active sites of the catalyst [26].
It is worth highlighting that, when using the MeOH:oil molar ratio of 20:1, a biodiesel with
an ester content of 95.13% ± 0.45 was obtained, a value very close to the ester contents
of 96.22 ± 0.38 and 97.11% ± 0.35 of the biodiesels synthesized using the molar ratios of
24:1 and 28:1, respectively. Thus, the MeOH:oil molar ratio of 20:1 proved to be ideal and
economically viable for the reaction process studied.

2.4. Physical and Chemical Properties of Biodiesel

The biodiesel synthesized using the catalyst 15Na/BCAM under optimal reaction
conditions was characterized physicochemically according to the ASTM D6751 norm [60],
with the results as shown in Table 2. It is observed that the values of 4.47 mm2 s−1

and 0.880 g cm−3 regarding the kinematic viscosity and density of biodiesel, respectively,
comprise the limits stipulated by ASTM D6751. Such values of these properties for biodiesel
are of paramount importance since they are directly related to the fuel flow capacity and
atomization during fuel injection into the engine [15,21]. The biodiesel obtained during
the study is in accordance with the limit established by the ASTM D6751 norm, since the
acidity value determined was 0.2 mg KOH g−1. This data suggest a lower formation of
scale in the engine components, since relatively small acidity values in biodiesel lead to an
increase in the service life of pumps and filters [21,49].

Table 2. Physicochemical properties of soybean biodiesel synthesized using the catalyst 15Na/BCAM
and the limits stipulated by ASTM D6751 standard.

Biodiesel Properties Unit Test Methods ASTM D6751
Limits Present Study

Kinematic viscosity
(at 40 ◦C) mm2 s−1 ASTM D445 [61] 1.9–6.0 4.47

Density (at 20 ◦C) g cm−3 ASTM D1298 [62] 0.875–0.900 0.880
Acid value mg KOH g−1 ASTM D664 [63] 0.5 max 0.20
Cold filtre

plugging point
◦C ASTM D6371 [64] NS 0.0

Flash point ◦C ASTM D93 [65] 130 min 150
Copper strip corrosion - ASTM D130 [66] 3 max 1a

NS = Not specified.

The cold plugging point is directly related to the amount of esters derived from
long-chain saturated fatty acids, which can lead to clogging of engine filters during fuel
cooling [8,67]. The observed value for the cold plugging point was 0.0 ◦C, indicating that
the biodiesel synthesized in this study can be used in engines, even in regions of low
temperatures. The flash point is the main aspect responsible for certifying the safety of a
fuel because it indicates the amount of residual methanol present in the biodiesel [17,49].
The value obtained for the synthesized soybean biodiesel was 150 ◦C, a value very similar
to that reported by Mares et al. [8], which was 152 ◦C for biodiesel obtained using the ASA-
800/4 catalyst under optimal reaction conditions. The value determined for the copper
corrosivity parameter was 1a, which is within the limit stipulated by the ASTM D6751
norm. Thus, the data explained testify that the catalyst 15Na/BCAM is suitable for the
synthesis of biodiesel since such a biofuel demonstrates high quality and compliance with
the ASTM D6751 norm.

2.5. Catalyst Reuse Study

Among the numerous advantages offered by the application of heterogeneous catalysts
in the transesterification of oils, the ability to reuse and the possibility of regeneration
are indispensable characteristics when considering the reduction of biodiesel production
costs [12]. The reuse study of the catalyst 15Na/BCAM over several reaction cycles using
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the optimal reaction conditions, temperature of 75 ◦C, reaction time of 1.5 h, catalyst
concentration of 5% (w/w) and MeOH:oil molar ratio of 20:1, is shown in Figure 9.
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From the data shown in the graph of Figure 9, it is possible to observe that the
catalyst 15Na/BCAM remained effective in its second reaction cycle because the biodiesel
presented an ester content of 96.30% ± 0.42, a decrease of only 0.9% in relation to the
biodiesel produced in the first reaction cycle, which was 97.20% ± 0.41. In addition, it can
be inferred that the active sites present in the synthesized catalyst were not easily leached
into the reaction medium since the biodiesels obtained in the third and fourth reaction
cycles showed a reduction in ester content of 19.57 and 29.06%, respectively, in relation
to the initial reaction. However, the fifth reaction cycle showed a significant decrease in
catalytic activity, providing a product with an ester content of 30.81% ± 0.71. This decrease
in ester content may be related to the deposition of unconverted mono-, di-, triglycerides,
residual glycerol or esters not removed during the recovery process using Route (1), which
consists only of washing with solvents (ethyl alcohol + hexane). This leads to the blocking
of active sites on the surface of the catalyst, which makes it difficult for the reaction to
proceed efficiently [68].

This hypothesis was tested by performing Route (2), which consists of the combination
of the solvent washing process and the thermal reactivation of the catalyst in the tubular
oven at 400 ◦C for 1 h in an atmosphere of N2 after each reaction cycle. Based on the data
shown in Figure 9, it can be inferred that the hypothesis raised is true since the catalyst
15Na/BCAM recovered using Route (2) showed a better catalytic performance throughout
the reuse cycles studied, that is, greater stability in the reaction medium since the biodiesels
synthesized in the second, third, and fourth reaction cycles resulted in ester contents of
97.12 ± 0.35, 94.24 ± 0.38 and 86.81% ± 0.55, respectively. The biodiesel obtained in the
fifth reaction cycle showed a reduction of 31.97% compared to the initial reaction, resulting
in an ester content of 65.23% ± 0.65.
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This downward trend in the performance of the catalyst 15Na/BCAM may be related
to leaching of a significant amount of basic sites. Table 3 shows the results of the basicity
analysis of the fresh catalyst, that is, before being used in the reaction and of the catalyst
used after the fifth reaction cycle recovered via Route (2). It is observed in Table 3 that
there was a decrease in the presence of basic groups between the fresh and the recovered
catalysts via Route (2), since they presented basicity values of 3.911 mmol g−1 ± 0.031 and
1.420 mmol g−1 ± 0.011, respectively. In addition, the data shown in Figure S1 (available in
the Supplementary Materials) reinforce the data shown about the basicity of the catalysts,
since the percentage of sodium in the catalyst after the fifth reaction cycle was 1.84% ± 0.056,
while in the catalyst before the reaction it was 6.32% ± 0.116. This behavior was also
reported in the study developed by Zhao et al. [30], in which the authors observed a
decrease in catalytic activity between the catalyst used in the first use and the catalyst
used in the eighth reaction cycle, which provided biodiesels with yields of 98% and 82.4%,
respectively. In addition, the authors justify these results by the decrease in basicity over
the reuse cycles since the basicity value for the fresh catalyst was 9.0 mmol g−1, while the
basicity determined for the catalyst after the 8◦ reaction cycle was 4.8 mmol g−1.

Table 3. Basicity analysis of the fresh catalysts and catalysts used for 5◦ cycle reactional recovered
using Route (2).

Sample Basicity (mmol g−1)

Catalyst fresh 3.911 ± 0.031
Catalyst after 5◦ reactional cycle 1.420 ± 0.011

2.6. Catalyst Regeneration Study

During the reuse study of the catalyst 15Na/BCAM recovered via Route (2), a de-
crease in the ester content of biodiesel produced in the fifth reaction cycle of about 31.97%
compared to the first reaction cycle was observed. In general, this reduction in catalyst
performance can be attributed to a decrease in the basic active sites responsible for conduct-
ing the transesterification reaction efficiently. Given this, the applicability of the catalyst
regeneration process using sodium silicate in an amount that would allow obtaining the
concentration of 10% (w/w) of sodium was evaluated in the final composition of the catalyst.
Figure 10 illustrates the data obtained in the study of the catalyst regeneration process.
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Figure 10a presents the data corresponding to the reuse study of the catalyst 15Na/BCAM
recovered Route (2), the starting point for the development of the study of the regeneration
process. From the data presented in Figure 10b, it is possible to infer that the catalyst
regeneration process was successful since the biodiesel ester content of 96.71% ± 0.65
obtained in the sixth reaction cycle (first after regeneration) represents an increase of 31.48%
in relation to the fifth reaction cycle. In addition, the catalyst used in the seventh and eighth
reaction cycles led to biodiesels with ester contents of 95.93 ± 0.63 and 94.96% ± 0.73,
respectively, which represents insignificant decreases of 0.78 and 1.75% in the ester contents
of the biodiesels produced when compared to the sixth reaction cycle. The data suggest
that the catalyst 15Na/BCAM exhibits excellent catalytic stability in the reaction medium.
However, after the ninth reaction cycle of the catalyst, a decrease in catalytic activity was
observed, since the biodiesels synthesized in the ninth and tenth reaction cycles obtained
ester contents of 89.62% ± 0.76 and 75.32% ± 0.77, respectively, representing a reduction in
catalyst performance by about 7.09 and 21.39% compared to the first use after regeneration
process (sixth reaction cycle), as shown in Figure 10b.

The applicability and efficiency and reusability of the catalyst 15Na/BCAM regen-
erated with 10% (w/w) sodium and recovered via Route (2) in the conduction of the
transesterification reaction are highlighted due to the fact that it produces biodiesels with
ester contents above 89% in the ninth reaction cycle. In addition, the catalyst 15Na/BCAM
is highly stable in the reaction medium when compared to the acai seed ash catalyst
(ASA-800/4), also submitted to the regeneration study using 20% (w/w) of KOH, which
showed a decline in its seventh reaction cycle (third reaction cycle after regeneration) re-
sulting in a biodiesel with ester content of 84.9%, and at the end of the ninth reaction cycle
(fifth reaction cycle after regeneration) showed significant loss in catalytic activity reaching
an ester content of only 36.7% [8], while the catalyst 15Na/BCAM regenerated with 10%
(w/w) sodium and recovered via Route (2) in its tenth reaction cycle, maintains its catalytic
activity producing a biodiesel with an ester content of above 75%.

2.7. Comparison of Catalyst 15Na/BCAM with Different Biochar-Based Catalysts

Table 4 illustrates the performance in the biodiesel production process of the catalyst
15Na/BCAM developed in this study, as well as other heterogeneous basic catalysts based
on biochar from different biomasses reported in the literature. Based on the data presented,
it can be inferred that the BCAM support has milder synthesis (carbonization) conditions
since it is prepared at 600 ◦C per 1 h when compared to avocado seed biochar and rice husk,
which are produced at 900 ◦C for 2 h and 700 ◦C for 3 h, respectively [29,30]. In addition,
the heat treatment process to which the catalyst 15Na/BCAM was subjected, a temperature
of 400 ◦C for 1 h, which is a lower parameter than the other catalysts presented in Table 4,
can be highlighted.
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Considering the reaction parameters for the synthesis of biodiesel in which the cat-
alysts listed in Table 4 are used, it is possible to note some similarity with the reaction
conditions used for the catalyst 15Na/BCAM. However, the catalyst 15Na/BCAM showed
greater catalytic stability throughout the reaction cycles since it provided 10 reaction cycles
(five before the regeneration process and five after the process) when used under optimal
reaction conditions. This is evidenced when this value is compared with the stability pre-
sented by the catalysts 20 wt% Ca loaded and 30K/BP-600, which provided only three and
five reaction cycles, respectively [29,32]. In addition, Table 4 shows that the 15Na/BCAM
catalyst studied has good catalytic activity, resulting in biodiesel with an ester content of
97.20% ± 0.31 under mild reaction conditions (75 ◦C, 1.5 h, 5% and 20:1), compared to
the catalytic performances of the CaO-MgO-800-5 and CaO/AC catalysts, which produce
biodiesels with ester contents of 91.1% and 80.98%, respectively, under relatively abrupt
reaction conditions of 190 ◦C, 1.35 h, 5.5% and 15:1 for the CaO-MgO-800-5 catalyst and
70 ◦C, 4.4 h, 8% and 21:1 for the CaO/AC catalyst [69,70]. Thus, the data listed in Table 4
reinforce the feasibility of using the residual biomass of the murici seed in the preparation
of an efficient basic heterogeneous catalyst for the synthesis of biodiesel.

3. Materials and Methods
3.1. Materials

Murici fruit and refined soybean oil were purchased at a local market in the city of
Belém, Pará, Brazil. Pure sodium silicate (Na2SiO3) (VERTEC®, Silchester, UK, 1344-09-8)
was used in the process of biochar functionalization and catalyst regeneration. Sodium
hydroxide (NaOH) 98.0% (Neon®, New York, NY, USA, 310-73-2) and hydrochloric acid
(HCl) 37.0% (Qhemis®, Jundiaí, Brazil, 7647-01-0) were used in determining the basic groups
present in murici biochar and catalyst. N-heptane UV/HPLC (C7H16) 99.0% (Neon®, 142-
82-5) and methyl heptadecanoate (C18H36O2) 99.0% (Sigma-Aldrich®, St. Louis, MO,
USA, 1731-92-6) were used in the quantification of esters by gas chromatography. Methyl
alcohol (CH3OH) 99.8% (ÊXODO CIENTÍFICA®, Sumaré, Brazil, 67-56-1) was used in the
transesterification reactions, while ethyl alcohol (C2H5OH) (Dinâmica®, Barcelona, Spain,
64-17-5) and n-hexane (C6H14) 95.0% (Neon®, 110-54-3) were used in catalyst recovery.

3.2. Catalyst Synthesis

Initially, the murici fruit (Figure 11a) was pulped and washed with distilled water to
remove dirt and remnants of the pulp. Then, the seeds were dried in an oven at 105 ◦C
for 12 h. Then, the seeds were ground and sieved (10 mesh). Soon after, the material with
higher granulometry (>10 mesh) was pyrolyzed in a tubular oven at 600 ◦C for 1 h with N2
flow of 80 mL min−1 according to the methodology described by Corrêa et al. [26], with
minor modifications. Finally, the murici biochar (BCAM) was cooled to room temperature,
packed in a hermetically sealed container and stored in a desiccator.

The preparation of catalysts based on sodium functionalized biochar was performed
by wet impregnation according to the procedures described by Alsharif et al. [71] and
Bitonto et al. [29], with adaptations, as shown in Figure 11b. Initially, the BCAM support
mass was dispersed in a beaker with distilled water, to which the sodium silicate mass was
added in amounts that made it possible to obtain the concentrations 6, 9, 12, 15 and 18%
(w/w) of sodium in the final catalyst composition. In a typical process for the preparation
of a catalyst impregnated with 15% (w/w) sodium, the mass of 5.0 g of dry and previously
activated BCAM support at 105 ◦C was dispersed in 60 mL of distilled water and then
was added to the mass of 3.35 g of sodium silicate. Then, the suspension was kept in an
ultrasonic bath at 25 ◦C for 2 h, followed by magnetic stirring for 2 h. When it was finished,
the mixture was dried in an oven at 105 ◦C for 12 h, followed by heat treatment in a tubular
oven at 400 ◦C for 1 h under a flow of 80 mL min−1 of N2. The synthesized catalysts were
named xNa/BCAM, in which x represents the impregnated sodium concentration.
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3.3. Catalyst Characterization

The determination of the basic groups present in the biochar, catalyst and regenerated
catalyst was performed according to the Boehm [72] method, with adaptations. In this
method, a mass of 0.25 g of the material (BCAM support and catalyst xNa/BCAM) was
dispersed in 30 mL of standard solution HCl 0.10 mol L−1 and kept being stirred for 24 h at
room temperature. When it was finished, the mixture was centrifuged and an aliquot of
10 mL of the filtrate was mixed with 15 mL of standard NaOH solution 0.10 mol L−1. Then,
the excess NaOH was titrated with HCl 0.10 mol L−1 solution, using phenolphthalein as
an indicator. The Elemental Composition (CHNS) of the materials (murici seed, BCAM
support, and xNa/BCAM) was performed on a Fisons Instruments EA1108 equipment
with the aid of the EAGER 200-RESULTS software. The masses of approximately 2.0 mg of
samples were weighed on a Sartorius microscale (XM-1000 P). Thermogravimetric Analysis
(TG/DTG) for the murici seed, BCAM support, Na2SiO3, and xNa/BCAM was performed
using Shimadzu equipment, model DTG-60H, between the temperature range of 25 ◦C to
1000 ◦C (heating rate of 10 ◦C min−1), in a flow of N2 of 50 mL min−1, using an alumina
crucible. The X-ray Diffraction (XRD) patterns of the BCAM support, in the Na2SiO3 and
xNa/BCAM, were obtained using the powder method in a PANalytical diffractometer,
EMPYREAN model, with radiation employed and scanning range of Cu Kα (1.541874 Å)
at 40 KV and 30 mA and 10◦ < 2θ < 70◦, respectively. The analysis of Fourier Transform
Infrared Spectroscopy (FT-IR) for the BCAM support, Na2SiO3, and xNa/BCAM, was
performed using a Shimadzu spectrometer model IRPrestige-21 in the spectral range of
analysis of 1900–500 cm−1 with 4 cm−1 resolution and 32 scans. The surface morphology
of the BCAM support and xNa/BCAM was determined by Scanning Electron Microscopy
(SEM) using a TESCAN microscope, model VEGA 3 LMU, operating with acceleration
voltage of 20 kV. The elemental composition of the BCAM support and xNa/BCAM surface
was determined by X-ray Spectroscopy by Energy Dispersion (EDS) using an Oxford
microanalysis system, model AZTec Energy X-Act, with resolution of 129 eV.

3.4. Transesterification Reaction

The catalytic tests of methyl transesterification of soybean oil, using functionalized
biochar as a catalyst, was conducted in a 80 mL capacity closed steel reactor of the Parr Series
5000 Multiple Reactor System under fixed agitation of 700 rpm. The reaction parameters
were optimized from the evaluation of reaction temperature (60–120 ◦C), reaction time
(0.5–2.5 h), catalyst concentration (1–5%), and MeOH:oil molar ratio (12:1–28:1). In a typical
reaction procedure, 12 g of soybean oil was added to the reaction vessel, followed by the
addition of 11.25 mL of methanol (referring to a MeOH:oil molar ratio of 20:1) and 0.6 g of
catalyst (considering a catalyst concentration of 5%). Then, temperature and reaction time
were set to 75 ◦C and 1.5 h, respectively. The catalyst concentrations used in catalytic tests
were calculated as a function of the mass of oil employed in the reaction process.

At the end of each reaction experiment, the products were centrifuged to recover the
catalyst, transferred to a settling funnel, and washed with portions of hot distilled water
~80 ◦C. Later, the remnants of washing water present were removed by drying in an oven
at 60 ◦C for 12 h. Finally, the synthesized biodiesel was stored for the ester content analysis.
A test was also performed using only the BCAM support (control) in order to evaluate its
contribution to the catalytic activity of the catalyst in the reaction process. The biodiesel
synthesis procedure is illustrated in Figure 11c.

3.5. Characterization of Biodiesel
3.5.1. Ester Content

The determination of the ester content of biodiesels was performed according to the
methodology adapted by Silva et al. [73] from the European standard EN 14103, using a
Varian gas chromatograph (GC), model CP 3800, equipped with flame ionization detector
(FID), capillary column CP WAX 52 CB (30 m length, 0.32 mm diameter and 0.25 µm film),
with initial oven temperature programming of 170 ◦C, with heating rate of 10 ◦C min−1
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up to 250 ◦C (same temperature as FID and injector). Helium gas was used in the flow
of 1 mL min−1 as mobile phase, heptane as solvent, methyl heptadecanoate as internal
standard, and an injection volume of 1.0 µL. The ester content (EC) was calculated using
Equation (1).

Ester content(%) =
∑ AT − AP.I

AP.I
× CP.I

CB100
× 100 (1)

where: ∑AT is the sum of the total area of the ester peaks; AP.I is the area of the internal
pattern; CP.I is the concentration of the internal standard solution (mg L−1); and CB100 is
the final concentration of biodiesel after dilution (mg L−1).

3.5.2. Physicochemical Properties of Biodiesel

The biodiesel produced was analyzed physicochemically using the American Society
for Testing and Materials (ASTM) standard methodology [60]. The kinematic viscosity
at 40 ◦C was determined according to ASTM D445 method [61], using a cannon-Fenske
viscometer (SCHOTT GERATE, Model No. 520 23). The density was performed at 20 ◦C
using the ASTM D1298 method [62], with an automatic KEM DAS-500 densimeter. The acid
value of biodiesel was determined according to the ASTM D664 method [63]. The cold filter
plugging point was determined according to the ASTM D6371 method [64] in a TANAKA
equipment, model AFP-102. The flash point was determined according to the ASTM D93
method [65] on a TANAKA APM 7 Pensky-Martens automatic equipment. Finally, the
corrosiveness of copper was determined according to the ASTM D130 method [66] in a
Koehler corrosion bath.

3.6. Catalyst Recovery

After the catalytic tests, the catalyst was recovered by centrifugation. Then, the catalyst
was subjected to two recovery routes. Route (1) consisted only of washing with portions
of ethyl alcohol and hexane, and then drying at 60 ◦C for 12 h. In Route (2), the catalyst
was subjected to the combination of the washing process used in Route (1) with thermal
reactivation in a tubular oven at 400 ◦C for 1 h in an atmosphere of N2. The catalyst
recovered by both routes was reused in successive transesterification reactions of soybean
oil under optimal conditions.

3.7. Catalyst Regeneration

As the catalyst demonstrated a reduction in its catalytic activity during the reuse study,
the feasibility of employing the regeneration process using sodium silicate in an amount
that would allow the concentration of 10% (w/w) of sodium in the final composition of
the catalyst was evaluated. The regeneration process was performed by wet impregnation
according to the procedures described by Alsharif et al. [71] and Bitonto et al. [29], with
minor adaptations. Initially, 0.23 g of sodium silicate was dissolved in 20 mL of distilled
water and then the catalyst previously used, activated at 105 ◦C, was slowly added. Then,
the suspension was kept in an ultrasonic bath at 25 ◦C for 2 h, followed by magnetic
stirring for 2 h. Then, the mixture was dried in an oven at 105 ◦C for 12 h, followed by
heat treatment in a tubular oven at 400 ◦C for 1 h under flow of 80 mL min−1 of N2. The
regenerated catalyst was evaluated for its reusability.

4. Conclusions

The present study proposed the synthesis of a heterogeneous basic catalyst based
on biochar produced from the residual biomass of murici functionalized with sodium
for application in the synthesis of biodiesel. The characterizations performed by CHNS,
TG/DTG, XRD, FTIR, SEM, EDS and basicity confirmed that the impregnation process
used in the synthesis of the catalyst was effective. The synthesized catalyst 15Na/BCAM
showed the best results during the study, obtaining a biodiesel with an ester content of
97.20% ± 0.31, as well as in accordance with the ASTM D6751 norm, using optimal reaction
conditions: temperature of 75 ◦C, reaction time of 1.5 h, catalyst concentration of 5% (w/w)
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and MeOH:oil molar ratio of 20:1. The catalyst 15Na/BCAM was used in five reaction
cycles, maintaining biodiesels with ester contents above 65%. In addition, the catalyst was
subjected to the regeneration process resulting in increased catalytic activity, providing five
more reaction cycles and obtaining biodiesels with ester contents above 75%. Thus, the
heterogeneous catalyst based on biochar functionalized with sodium proved to be suitable
for the application in the transesterification reaction of soybean oil via methyl route, and
applicable for reuse and regeneration processes, indicating a promising alternative to
low-cost waste raw materials for the synthesis of basic heterogeneous catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28247980/s1, Figure S1: EDS chemical composition and
elementary mapping of the chemical elements on the surface Catalyst after 5◦ reactional cycle.
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Abstract: Alongside fermentable sugars, weak acids, and furan derivatives, lignocellulosic hy-
drolysates contain non-negligible amounts of lignin-derived aromatic compounds. The biological
funnel of lignin offers a new strategy for the “natural” production of protocatechuic acid (PCA).
Herein, Pseudomonas putida KT2440 was engineered to produce PCA from lignin-derived monomers
in hydrolysates by knocking out protocatechuate 3,4-dioxygenase and overexpressing vanillate-O-
demethylase endogenously, while acetic acid was used for cell growth. The sugar catabolism was
further blocked to prevent the loss of fermentable sugar. Using the engineered strain, a total of
253.88 mg/L of PCA was obtained with a yield of 70.85% from corncob hydrolysate 1. The highest
titer of 433.72 mg/L of PCA was achieved using corncob hydrolysate 2 without any additional
nutrients. This study highlights the potential ability of engineered strains to address the challenges
of PCA production from lignocellulosic hydrolysate, providing novel insights into the utilization
of hydrolysates.

Keywords: Pseudomonas putida KT2440; sugar loss; protocatechuic acid; biological funnel; lignocellulosic
hydrolysate

1. Introduction

Lignocellulosic biomass represents a vast and renewable resource for humanity [1].
Its low cost and abundance make it an attractive alternative for the production of fuel
and chemicals. Lignocellulosic biomass mainly consists of polysaccharides and lignin [2].
The efficient utilization of both polysaccharides and lignin is critical for the economic
efficiency of biomass biorefinery [3]. Over the years, numerous researchers have dedicated
their efforts to developing various technologies for the valorization of polysaccharides,
including hemicellulose and cellulose [4,5]. The process of separating lignin from a lig-
nocellulosic matrix is well-established and has been used for many years [6–8]. However,
the utilization of lignin remains challenging in conversion owing to its recalcitrant and
diversified structure [9]. Meanwhile, the limited progress in industrial-scale lignin valoriza-
tion is mainly attributed to the emergence of new products that replace petroleum-derived
alternatives but are not cost-effective. To decrease the product cost, there is a growing
urgency to develop an efficient method for utilizing waste lignin for the commercialization
of lignocellulose biorefinery.

Lignin is the most abundant aromatic feedstock on earth [10]. Every year, approxi-
mately 100 million tons of lignin are produced as by-products from various sources [11].
In general, achieving industrial-scale implementation of lignin valorization cannot be
accomplished solely through straightforward physicochemical or biological approaches.
Combining both of them is a promising solution. Through the physicochemical treatment,
a significant amount of monomeric aromatic compounds are released into the pretreated
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liquor. However, the diverse lignin degradation products are difficult to separate and
purify during the chemical upgrading [12]. To prevent the wastage of aromatic resources,
some microorganisms are selected and engineered to utilize the monomers to produce high-
value-added products. As more and more pathways involved in aromatic metabolism were
identified, the biological funnel for the conversion of lignin-related aromatic compound
mixtures to bioproducts has been well demonstrated [13,14]. Using alkaline pretreated
liquor, Linger et al. achieved 0.252 g/L polyhydroxyalkanoic acid (PHA) by P. putida
KT2440 [15]. Similarly, 1.8 g/L cis, cis-muconic acid was obtained using lignin hydrolysate
from softwood as a substrate and recombinant Corynebacterium glutamicum MA-2 [16].

Protocatechuic acid (PCA, 3,4-dihydroxybenzoic acid) is a natural catabolic interme-
diate of lignin and lignin-derived aromatics found in plants and fruits [17]. It has been
reported to possess multiple biological activities, such as antioxidation, anti-aging, antibac-
terial, antiviral, and anti-inflammatory, as reviewed elsewhere [18–20]. Given its versatility
in the application of pharmaceutical, health food, and cosmetic industries, the production
of “natural” PCA has attracted more attention and holds greater business value than that
of “artificial” chemical PCA. This is due to its higher price and highly desirable market.
However, the preparation of PCA through solvent extraction from plants and fruits often
comes with high cost and low yield [21,22]. In recent years, biological approaches for PCA
synthesis have been studied using some genetically engineered microorganisms such as C.
glutamicum, Saccharomyces cerevisiae, Escherichia coli, and P. putida. To date, PCA has been
biosynthesized from glucose fermentation through the shikimate pathway and 4.27 g/L
and 0.64 g/L of PCA were obtained, respectively, in E. coli and C. glutamicum [23,24].
Additionally, the highest titer of 12.5 g/L with a yield of 0.313 (g/g) was achieved in
P. putida KT2440, which implied that P. putida KT2440 is an ideal host strain. Apart from
shikimate pathways, PCA can also be synthesized from aromatic compounds using the
lignin biological funnel at a higher theoretical yield and atom efficiency [16]. Recently, a
lignin-derived biosensor in P. putida KT2440 was developed for PCA production from a
mixture of p-coumaric acid (p-CA) and ferulic acid (FA) [25]. With vanillin as the substrate,
0.146 g/L of PCA was produced from 0.15 g/L of vanillin by engineered E. coli [26]. The
biological funnel of lignin offers a new strategy for “natural” PCA production. However,
more detailed studies on PCA production using lignin are still limited and need to be
further developed.

The hydrolysate derived from lignocellulose following dilute acid pretreatment com-
prises fermentable sugars and weak acids originating from cellulose and hemicellulose, as
well as phenolic compounds derived from lignin. In our previous work, P. putida KT2440 ex-
hibited high resistance and tolerance to such hydrolysate [27]. In this work, the degradation
abilities of P. putida KT2440 for diverse phenolic compounds in hydrolysate were assessed.
Based on the biological funnel pathway, an engineered strain capable of producing PCA
from phenolic compounds and hydrolysates was constructed. In addition, the genetically
modified strain used acetic acid as a carbon source and no longer possessed the capacity
to metabolize fermentable sugars, resulting in the retention of sugars in the hydrolysate
where they could serve as substrates for other microorganisms to generate novel products.

2. Results and Discussion
2.1. Evaluation of the Degradation Abilities of P. putida KT2440 towards Phenolic Compounds

Here, two types of corncob hydrolysates obtained from the factory were chosen as
representatives for analyzing their composition. Hydrolysate 1 was the liquid fraction
directly generated during the dilute acid pretreatment of corncobs, while hydrolysate
2 was obtained by concentrating the liquid fraction after pretreatment using vacuum
concentration. As shown in Figure 1a,b, both hydrolysates 1 and 2 are xylose-rich liquors
due to degradation of hemicellulose in corncob during pretreatment. Besides xylose, there
glucose, arabinose, and cellobiose and their degradation products exist, including weak
acids and furans. Their amount is basically consistent with previous similar studies [28].
The phenolic compounds generated from lignin in hydrolysates were at low concentrations
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of mg/L. Lignin mainly consists of H-type, G-type, and S-type phenyl propane units, which
correspond to three different phenolic acids: p-CA, FA, and syringic acid (SA) respectively.
A variety of low-molecular-weight phenolic compounds, including six phenolic acids
and three phenolic aldehydes, was observed in hydrolysates and their proportion of total
phenolic is illustrated in Figure S1. Among these, FA and p-CA were the main lignin
monomers, which account for over 160, 120 mg/L and 530, 250 mg/L, respectively, in
hydrolysates 1 and 2.
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Figure 1. Composition of fermentable sugars, weak acids, furans, and phenolic compounds in
(a) hydrolysate 1 and (b) hydrolysate 2. (c) Conversion of 1 g/L of lignin-related monomers present in
hydrolysates by KT2440 within 24 h. (d) The cell growth profiles of KT2440 after 6 h fermentation in
the presence of a simple phenolic compound. Abbreviations: Protocatechuic acid (PCA), ferulic acid
(FA), vanillin (VAN), vanillic acid (VA), p-coumaric acid (p-CA), 4-hydroxybenzaldehyde (4-HBAL),
4-hydroxybenzoic acid (4-HBA), syringaldehyde (SAL), syringic acid (SA). Error bars indicate the
standard deviation in two replicates.
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In order to evaluate the bio-degradation ability of P. putida KT2440 for phenolic
compounds in corncob hydrolysate, the above-determined lignin degradation products
were individually applied to fermentation by P. putida KT2440. The concentration of
phenolics was 1 g/L, and 10 mM glucose was added to the M9 minimal medium for
keeping the cell growth. As illustrated in Figure 1c, P. putida KT2440 degraded most
phenolics within 24 h except for SA. Despite P. putida KT2440 did not consume SA, it
was seen that glucose in the medium was completely used up (Figure S2a) and the cell
still showed significant growth (Figure 1d). This implied that P. putida KT2440 lacks the
degradation metabolism for SA, but still demonstrates good tolerance for SA. Compared
with phenolic acids, the results of cell growth in Figure 1d showed that phenolic aldehydes
exhibit higher toxicity than phenolic acids for P. putida KT2440. Among three phenolic
aldehydes, syringaldehyde (SAL) has the strongest toxicity, followed by vanillin (VAN) and
4-hydroxybenzaldehyde (4-HBAL). After 24 h fermentation, all of these phenolic aldehydes
were found to be converted to the corresponding phenolic acids through aldehyde oxidation
reactions [29]. As shown in Figure S2b,c, P. putida KT2440 could convert SAL into SA, which
was accumulated due to lack of further degradation pathway during fermentation, while
the amount of VA was observed in the first 36 h and completely consumed at the end
during fermentation of VAN. Moreover, VA also served as an intermediate product during
FA degradation (Figure S2d). This suggests that VA is located downstream point of FA and
VAN pathways and that the production of VA is faster than its consumption [30].

Overall, P. putida KT2440 demonstrated good abilities for the degradation of a variety
of low-weight phenolic compounds at 1 g/L. All of the H-type lignin-derived compounds,
such as p-CA, 4-HBAL, and 4-HBA, are quickly consumed within 12 h. In comparison,
VAN, VA, and FA from G-type lignin exhibited a relatively slower degradation rate. Even
so, a complete degradation also occurred within a 24 h period. These results suggest
that P. putida KT2440 is capable of efficiently utilizing the majority of aromatic monomers
in hydrolysates. Hence, it is a suitable starting strain for efficiently converting aromatic
monomers derived from lignin into products.

2.2. Effects of Sugar and Weak Acid in Hydrolysates on Phenolic Compound Metabolism

According to the component analysis of hydrolysates, there are many other chemicals
that existed in the liquor, mainly sugar and weak acids except for phenolic compounds.
The metabolism by which these compounds interfere with the degradation of phenolic com-
pounds is unknown when using P. putida KT2440. Thus, Figure 2 shows the fermentation
performance of P. putida KT2440 using sugar and a weak acid, either the sole or the mixture.

When using p-CA as the sole carbon source, P. putida KT2440 completely metabolized
p-CA within 9 h and there was no obvious product accumulated. Meanwhile, significant
cell growth was observed in the first 9 h. It suggested that P. putida KT2440 could directly
use p-CA as the sole carbon source for cell growth. As supplemented with 10 mM glucose,
P. putida KT2440 promoted better cell growth throughout the process than that of p-CA as
the sole carbon source. However, glucose supplementation delayed p-CA metabolism to
12 h (Figure 2b). Both glucose and p-CA were used up within 12 h. The accumulation of
gluconic acid and 2-ketogluconic acid was observed momently at 3 h and 6 h, respectively.
Previously, it was reported that glucose is first oxidized to gluconate or 2-ketogluconic acid,
then transported to the cytosol and finally enters the TCA cycle in P. putida KT2440 [31].
Hence, glucose is proposed as the preferred carbon and energy source over p-CA, and
the presence of glucose inhibits the metabolism of p-CA. In Figure 2c, the conversion of
xylose was lagged behind p-CA, but it did not have a significant effect on cell growth. The
consumption of xylose was basically consistent with the production of xylonic acid. p-CA
is still the main carbon and energy source and xylose is mainly oxidized to xylonic acid [32].
Acetic acid is a kind of typical byproduct of hydrolysate. In P. putida KT2440, acetic acid
was consumed within 12 h (Figure 2d), indicating that acetic acid could serve as a potential
carbon source.
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in 12 h. The consumption rate of p-CA at 6 h under four environments was shown by (e). Error bars
indicate the standard deviation in two replicates.

Figure 2e summarizes the consumption rate of p-CA at 6 h fermentation by P. putida
KT2440 using four different types of carbon sources. It was found that the presence
of glucose, xylose, and acetic acid all slowed down the degradation rate of p-CA. The
consumption rates decreased to 41.19%, 57.12%, and 44.23%, respectively, lower than the
control rate of 73.62%. When hydrolysate was directly used for the bioconversion of lignin-
derived compounds, this inhibition effect would be a major obstacle. However, it should
be noted that once p-CA is designed to be converted into one product by engineering
P. putida KT2440, its effect as a carbon and energy supplier needs to be weakened due
to its main flow distribution towards conversion. By that time, glucose and acetic acid
in hydrolysates would be used as alternative carbon and energy sources for cell growth.
Furthermore, considering the significant inhibition of p-CA metabolism in P. putida KT2440
by glucose, acetic acid appears to be a suitable and effective carbon source for maintaining
cell activation in real hydrolysate applications.

2.3. Construction of an Engineered P. putida Strain for Protocatechuic Acid Production

Preliminary tests indicated that P. putida KT2440 was capable of efficiently utilizing
most aromatic monomers commonly found in hydrolysates; however, it was unable to
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produce any valuable product. In general, the majority of aromatic compounds undergo
complete degradation via biological funneling and the β-ketoadipate pathway before
entering the TCA cycle [33]. Biological funneling is the process by which various aromatic
compounds in hydrolysates converge to PCA which serves as their common intermediate
metabolite. As mentioned in Figure 3, all six phenolic compounds in hydrolysates could
be converted into PCA and then split by pcaGH. Specifically, these phenolic compounds
can be divided into two metabolic pathways: G-lignin-derived compounds (FA, VAN, and
VA) are funneled into VA and further oxidized to PCA by vanillic acid O-demethylase
oxygenase (VanAB); p-CA, 4-HBAL, and 4-HBA from H-lignin-derived compounds are
funneled into 4-HBA and further degraded to PCA by p-hydroxybenzoate hydroxylase
(PobA). Regardless of their origin, it has been found that knocking out of the gene pcaGH is
necessary for the accumulation of PCA.
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Figure 3. Metabolic pathways of substances present in hydrolysate in P. putida KT2440 with
engineered pathways are shown. Abbreviations: p-coumarate-CoA ligase (Fcs), enoyl-CoA hy-
dratase/aldolase (Ech), vanillin dehydrogenase (Vdh), p-hydroxybenzoate hydroxylase (PobA), vanil-
lic acid O-demethylase oxygenase (VanAB), glucose dehydrogenase (Gcd), glucose ABC transporter
(GtsABCD), gluconate dehydrogenase (Gad), tricarboxylic acid cycle (TCA cycle).

By a homologous recombination knockout technology [27] shown in Figure 4b, the
engineered strain KT1 was obtained by knockout of pcaGH (Figure S3). Using the KT1, we
investigated the production of PCA using six different phenolic compounds at a concentra-
tion of 1 g/L supplemented with 10 mM glucose as a carbon source. As shown in Figure 4c,
the knockout of pcaGH did not significantly influence the consumption of phenolic com-
pounds, with the majority being used within 24 h except for FA and VA. however, only
three H-lignin-derived monomers, p-CA, 4-HBAL, and 4-HBA, demonstrated exceptional
abilities for PCA production, whose yields of PCA were 97.7%, 98.5%, and 93.1%, respec-
tively. The complete conversion and production demonstrated the uninterrupted flow of
this pathway to PCA. Meanwhile, the block of the PCA to TCA cycle did not exert any
discernible impact on cellular proliferation. One plausible explanation is that the presence
of glucose potentially furnishes an abundant supply of carbon and energy. In a previous
study, the knockout of pcaGH in the KT2440 strain resulted in a production of only 5.2 mg/L
of PCA from glucose [34]. Our results suggested that the production of PCA from p-CA
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may be more efficient compared to glucose due to a shorter metabolic pathway and higher
atom efficiency.
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Regarding H-lignin-derived monomers, the consumptions of FA, VAN, and VA were
83.7%, 100%, and 3.3% after 24 h fermentation. However, all yields of PCA were less than
3% (Figure 4c). Meanwhile, a large amount of VA was produced or maintained during
the fermentation process (Figure 4d). The result suggested that the oxidation of VA into
PCA by the vanAB encoding enzymes was seriously inhibited owing to the block out of
the downstream pathway. Thus, it was speculated that the expression of the vanAB gene
in the P. putida KT2440 genome was regulated by the downstream pathway. Therefore, to
enhance the expression of vanAB, the endogenous vanAB gene was introduced into KT1
by overexpression, generating KT2. pBBR1MCS-2 containing a lac promoter was used
as the expression vector to overexpress vanAB. Endogenous vanAB was ever reported to
be a key rate-limiting step in the FA pathway [34]. Upadhyay and Lali overexpressed
several different sources of vanAB genes in KT2440 ∆pcaGH and found that the conversion
rate of VA to PCA could increase to 51.33% from 10.54% by overexpressing vanAB from
Acinetobacter sp. ADP1 [35]. In this work, both KT1 and KT2 were able to completely
consume 1 g/L of FA almost totally within 36 h, but the overexpression of the vanAB
gene in KT1 led to a significant increase in PCA yield from 2.61% to 75.63%, while only a
minimal accumulation of VA was observed (Figure 4d). The construction of an engineered
strain of P. putida KT2440 capable of efficiently producing PCA from p-CA and FA has been
successfully accomplished so far.
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2.4. PCA Production from Single Phenolic Acid in the Engineered P. putida

Firstly, the production boundaries of PCA by KT2 were investigated using p-CA
and FA at three different concentration levels (1, 2, 5, and 10 g/L). Figure 5a shows a
complete conversion of 10 g/L p-CA within 72 h, resulting in a maximum PCA production
of 6.11 g/L. Despite the PCA production from p-CA being far from that from glucose [24],
its high yield by KT2 confirmed its potential to form lignin into PCA. In terms of the
production of PCA from FA (Figure 5b), the assimilation of FA exhibited significant delays
compared to the p-CA pathway. Only 2.5 g/L of FA could be consumed within 72 h and
the maximum concentration of PCA was at only 1.9 g/L. This comparison suggested that
further enhancements were required for efficient PCA production from FA in the future.
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tions of (a) p-CA and (b) FA and their production of PCA. (c) PCA production using mixed phenolic
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to 1 g/L. Error bars indicate the standard deviation in two replicates.

A comparison of the PCA production pathways from p-CA and FA revealed a shared
partial pathway (Figure 3). Their difference in degradation ability was mainly dependent
on the types of substrates, implying that p-CA utilization was preferred. As the substrate
loading increased, the PCA yield decreased whether for p-CA or for FA. At a high sub-
strate loading (10 g/L), the PCA yield from p-CA and FA decreased to 67.0% and 22%,
respectively, accompanied by the accumulation of the intermediate products of 4-HBA
and VA (Figure S4a). The accumulation of intermediate products indicates an inadequate
conversion in the final step of PCA production. For p-CA and FA, pobA and vanAB were,
respectively, responsible for the PCA biosynthesis from 4-HBA and VA, which required
distinct cofactors, NADPH and NADH. By comparison, the accumulation of VA was more
serious than 4-HBA (Figure S4b). The decrease in PCA yield might be attributed to the
inadequate activity of pobA with increasing concentration of p-CA. For FA metabolism, it
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might be due to an excess unbalance of redox metabolism [36]. Additionally, the detrimen-
tal impact of formaldehyde as a by-product should also be taken into account due to its
inherent toxicity.

2.5. PCA Production from Hydrolysates

As mentioned above, although the PCA yield decreased with increasing substrate
loading, KT2 was still capable of meeting the demand for biosynthesis of PCA from lignin
hydrolysates due to the presence of a low concentration of phenolic acid. However, several
factors still influenced the conversion. A series of aromatics, mainly including p-CA, FA,
and their related phenolic compounds, coexist in the hydrolysates (Figure 1). Hence it was
necessary to assess the co-utilization efficiency of p-CA and FA. In Figure 5c, a mixture of
p-CA and FA in a 1:1 (w/w) ratio was used at a total of 1 g/L loading in the presence of
10 mM glucose. The strain KT2 depleted the two phenolic acids simultaneously, achieving
a maximum yield of 98.1% corresponding to 0.8 g/L PCA.

Besides phenolic compounds, the hydrolysates also contained sugars and acetic acids.
Previous research indicated that the presence of glucose contradicted the mechanism of
phenolic compound degradation due to the existence of a global regulator (crc), whose
deletion promoted the expression of pobA and vanAB [37]. Additionally, xylose was present
at a relatively high level in two hydrolysates. Although xylose has little influence on p-CA
metabolism and cell growth, its consumption would result in a massive accumulation of
xylonic acid, which would affect the separation of the product during the downstream
process. In light of the aforementioned drawbacks of sugar metabolism, it was imperative
to further impede the sugar utilization pathway. As an alternative approach, harnessing
acetic acid from hydrolysates as a carbon source held promise for sustaining cell growth.

As mentioned in Section 2.2, the genes gcd and gtsABCD were knockout and the
strain KT3 was obtained based on KT2. Due to the lack of these genes, KT3 lost the ability
to catabolize xylose and glucose for cell growth (Figure S5). When using 1 g/L acetic
acid as an additional carbon source instead of glucose, the PCA-producing ability of KT3
remained largely unaffected by the knockout of gcd and gtsABCD (Figure 6a). The strain
KT3 synchronously converted 94.2% of the two phenolic acids with a maximum PCA yield
of 78.4%, equivalent to 0.6 g/L PCA. There was no significant intermediate metabolite
accumulation during the whole fermentation process. Meanwhile, 2.75-fold cell growth
was observed within 24 h. Furthermore, two hydrolysates as complex mixtures were used
to investigate the effect on KT3. Interestingly. KT3 demonstrated a robust performance for a
real, heterogeneous, lignin-enriched, hydrolysate-derived pilot-scale biomass pretreatment.
Furthermore, 100% of hydrolysate 1 could be mechanized well without any dilution or other
additional substances. Meanwhile, 253.88 mg/L PCA was achieved from hydrolysate1
with a yield of 70.85% (Figure 6b). The value of yield was nearly the same as that of mixed
phenolic acid (Figure 5a). The amount of all five phenolic compounds in hydrolysate
1 decreased by a maximum of 52–100%, indicating that they were converted into PCA
through the bio-funneling pathway. Among them, FA degradation was the worst one with
only 52%. This outcome was likely attributed to the limited efficiency of the FA metabolism
in P. putida. Hydrolysate 2 exhibited more serious toxicity than hydrolysate 1, probably due
to the presence of a higher concentration of phenolic acid. Since KT3 could not survive in
hydrolysate 2, a diluted solution of hydrolysate 2 mixed with sterilized water at an 80%
concentration was used for PCA production. As shown in Figure 6c, using 80% hydrolysate
2, the optimal production of 433.72 mg/L PCA was observed by KT3 with a yield of 56.74%.
4-HBA as intermediates were observed shortly and completely depleted at the end. All
glucose and xylose were retained, and the residual acetic acid concentration of 1.9 g/L
corresponded to a degradation rate of 76.31%. However, KT2 only produced 111.77 mg/L
of PCA, corresponding to a yield of 11.34%. Additionally, not only FA but also the metabolic
process of 4-HBA was suppressed, highlighting the significance of disrupting the gcd and
gtsABCD genes (Figure S6).
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Figure 6. Production of PCA from mixed phenolic acid and real hydrolysates by KT3. (a) PCA
production using mixed phenolic acid (p-CA and FA) in the presence of acetic acid. The fermentation
of KT3 for PCA production and the maximum degradation rate of each substance from (b) hydrolysate
1 and (c) 80% hydrolysate 2. Error bars indicate the standard deviation in two replicates.

Table 1 summarizes the production of PCA from aromatic compounds and lignocellu-
lose hydrolysate. Previous studies were mainly limited to the conversion of two phenolic
acids (p-CA and FA). Hydrolysate is a complex system, which inevitably contains a large
amount of xylose and weak acid. The utilization of hydrolysate in the past has relied on
sugar as a carbon source, resulting in increased sugar consumption and the production
of xylonic acid as a by-product. For the first time, acetic acid was used as the carbon
source for the transformation, and the constructed strain could obtain a single product by
co-conversion of multiple substances at the same time. Furthermore, the absence of sugar
loss makes it suitable for subsequent biorefining processes.

Table 1. Comparative PCA production reported from aromatic compounds and lignocellulose
hydrolysate.

Strain Substrate Fermentation
Duration (h) Titer (g/L) Yield Reference

Engineered P. putida KT2440 1 g/L VA n. a. 0.51 0.51 [35]
P. putida KT14 3.28 g/L p-CA 48 3.1 1.00 [25]

S. Cerevisiae yPCA12 1.6 g/L p-CA 96 0.72 0.48 [38]
C. glutamicum ATCC 21420 FVan 0.89 g/L FA 48 0.44 0.63 [39]

P. putida KT2440 KT16 3.88 g/L FA 48 2.1 0.68 [25]
P. putida KT2 1.02 g/L p-CA 72 0.95 0.99 This work
P. putida KT2 1 g/L FA 72 0.76 0.76 This work
P. putida KT2 p-CA:FA = 1:1 (mol/mol) 48 0.8 0.98 This work

S. cerevisiae yPCA12 0.5×Corn stover APL 96 0.81 0.74 a [38]
P. putida KT3 Corncob hydrolysate 1 72 0.25 0.70 b This work
P. putida KT3 Corncob hydrolysate 2 72 0.43 0.57 b This work

a PCA yield was based on the total mol of FA and p-CA; b PCA yield was based on the total mol of FA, p-CA,
VAN, 4-HBAL, VA, and 4-HBA; n. a.: not available; APL: alkaline pretreatment liquor.
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3. Materials and Methods
3.1. Materials

Corncob was composed of 34.5% cellulose, 30.9% hemicellulose, and 22.7% lignin.
After pretreatment with dilute sulfuric acid at 160 ◦C for 60 min, the remaining solid residue
was composed of 54.6% cellulose, 3.1% hemicellulose, and 32.3% lignin. The hydrolysate
pretreatment was kindly provided by a biomass factory in China. Syringaldehyde and
ferulic acid were purchased from TCI (Shiga, Japan). 4-hydroxybenzoic acid, vanillic acid,
syringic acid, 4-hydroxybenzaldehyde, vanillin, and p-coumaric acid were purchased from
Sigma-Aldrich (Saint Louis, MO, USA).

3.2. Strains and Plasmids

All bacterial strains and plasmids used in this study are listed in Table 2. E. coli Trans1-
T1 was purchased from TransGen (Beijing, China). P. putida KT2440 was obtained from the
Biochemical Engineering Research Institute of Nanjing Forestry University. P. putida KT1,
KT2, and KT3 were independently constructed in this study.

Table 2. Strains and plasmids used in this study.

Strains/Plasmids Characteristics Source

Escherichia coli
Tans1-T1 Cloning host TransGen Biotech

Pseudomonas putida
KT2440 Wild-type strain Lab stock

KT1
KT2440 with scarless deletion of pcaGH

(PP_4655-4656) encoding protocatechuate
3,4-dioxygenase dehydrogenase

This study

KT2
KT01 harboring plasmid pBBR1MCS2-vanAB

(PP_3736-3737) encoding vanillate
O-demethylase oxygenase

This study

KT3
KT02 with scarless deletion of glucose

dehydrogenase encoding gcd (PP_1444) and
glucose ABC transporter gtsABCD (PP_1015-1018)

This study

Plasmids
pBBR1MCS2 Broad-host-range cloning vector; KmR Lab stock
pK18mobsacB The suicide vector containing the sacB gene; KmR Lab stock

pBBR1MCS2-vanAB pBBR1MCS2 with vanAB from P. putida KT2440 This study

pK18mobsacB-∆pcaGH pK18mobsacB containing the homology arms of
pcaGH from P. putida KT2440 This study

3.3. Genetic Manipulation and Plasmid Construction

The genome of P. putida KT2440 was extracted by TaKaRa MiniBEST Bacterial Genomic
DNA Extraction Kit Ver.3.0 (Takara, Shiga, Japan).

As for the construction of a pcaGH (PP_4655-4656) disruption mutant, all procedures
were conducted using the protocol previously [27]. Briefly, the 500 bp upstream and
downstream homology arms of pcaGH were amplified from the P. putida KT2440 genome by
primers pcaGH-up-f/r and pcaGH-down-f/r respectively. After gel purification by Wizard®

SV Gel and PCR Clean-Up System (Promega, Wisconsin, USA), overlap extension PCR
was performed, using primers pcaGH-up-f and pcaGH-down-r and thus the upstream
and downstream regions were fused. The purified 1000 bp PCR products were then
ligated with the pEASY-Blunt cloning vector to form a new plasmid. The plasmid and
pK18mobsacB were digested using EcoR I and BamH I to generate cohesive ends and then
ligated to obtain pcaGH knockout plasmid code as pK18mobsacB-∆pcaGH. The plasmid was
introduced into P. putida KT2440 by electro-transformation. Single crossovers in which the
plasmid had recombined into the genome were selected on LB plates supplemented with
50 µg/mL kanamycin. After two rounds of passaging in LB broth with 15% (w/v) sucrose
without antibiotics, the correct double-crossover transformants were selected using LB
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agar plates supplemented with 15% (w/v) sucrose, referred to as KT1. The deletion was
found successful on the basis of the shortened PCR product of 1000 bp using the primers
pcaGH-up-f and pcaGH-down-r (Figure S3). KT1 was used as the starting strain for further
construction of gcd and gtsABCD knockout mutant generating KT1 ∆gcd∆gtsABCD. The
process of knockout was the same as described above.

Regarding the overexpression of the gene vanAB (PP_4655-4656) from P. putida KT2440,
pBBR1MCS-2 was used to express vanAB. The gene vanAB was amplified from P. putida
KT2440 genome with primers vanAB-f/r. Then using pBBR1MCS-2-f/r to obtain a lin-
earized vector. At last, the target gene was recombined with the linearized vector using the
pEASY®-Basic Seamless Cloning and Assembly Kit (TransGen Biotech Co., Ltd., Beijing,
China), generating plasmid pBBR1MCS-2-vanAB. The plasmid was electroporated into KT1
and KT1 ∆gcd∆gtsABCD, after screening single colonies on LB agar plates with 50 µg/mL
kanamycin, the plasmid extraction was verified and the correct strains were marked as KT2
and KT3.

3.4. P. putida Cultivations

P. putida KT2440 and its derived strains were all pre-cultured overnight in 5 mL
Luria-Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) at 30 °C
and 200 rpm. If required, 50 µg/mL kanamycin was added to the medium to avoid loss
of plasmid.

For the fermentation of lignin-derived monomers, the overnight cultures were har-
vested by centrifugation at 8000 rpm for 5 min, after discarding the supernatant, the cells
were resuspended twice with 0.9 (w/v) NaCl. The initial OD600 was set to 0.2 in a 250 mL
shake flask containing 10% filling volume of M9 minimal medium (2 mM MgSO4, 0.1 mM
CaCl2, M9 salts (12.8 g/L Na2HPO4·7H2O, 3 g/L KH2PO4, 0.5 g/L NaCl, 1.0 g/L NH4Cl),
trace element solution (0.3 g/L H3BO3, 0.05 g/L ZnCl2, 0.03 g/L MnCl2·4H2O, 0.2 g/L
CoCl2, 0.01 g/L CuCl2·2H2O, 0.02 g/L NiCl2·6H2O, 0.03 g/L NaMoO4·2H2O) then the
volume was made up to 1 L with distilled water) supplemented with carbon sources and
aromatic compounds. The pH of the medium was adjusted by 10 M NaOH. 10 mM glucose
was the carbon source for P. putida KT2440, KT1, and KT2, while KT3 utilized 16 mM acetate
as its carbon source.

For the fermentation of the hydrolysates, CaO was used to adjust the pH of the
hydrolysate to 7.2. KT3 was pre-activated overnight, and then 1% seed cultures were inocu-
lated into 25 mL of LB medium in a 250 mL shake flask for 12 h. The initial OD600 was set to
5 in a 100 mL shake flask containing 10% filling volume of hydrolysates. Hydrolysate 2 was
diluted with sterilized distilled water. All fermentations were carried out at 200 rpm and
30 ◦C. All samples were centrifuged at 12,000 rpm for 5 min. The supernatant was diluted
to the appropriate concentration using deionized water in preparation for further analysis.

3.5. Analytical Methods

The consumption of glucose and acetate acid was detected by an Agilent 1260 HPLC
system equipped with an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) which
had a refractive index, the above components were separated at 55°C using 5 mM H2SO4
as eluent at a flow rate of 0.6 mL/min [28].

The concentrations of phenolic compounds were identified by using an HPLC system
with a Zorbax SB-C18 column (150 × 4.6 mm, Alto, CA, USA) with a UV detector. The
gradient elution was performed using 100% acetonitrile as mobile phase A and 1.5% acetic
acid as mobile phase B at a flow rate of 0.8 mL/min [40].

Xylose, xylonic acid, gluconate, and 2-ketogluconate were analyzed by high-performance
anion exchange chromatography (Thermo, ICS-3000, Waltham, MA, USA) equipped with a
CarboPac™ PA10 column and pulsed amperometric detection set at 30 ◦C. The mobile phase
was 100 mM NaOH and 500 mM NaAc at a flow rate of 0.3 mL/min [41]. All experiments
were performed at least in duplicate, and values were expressed as mean ± standard deviation.

Cell growth was monitored turbidimetrically at an optical density of 600 nm (OD600).
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The yield of PCA is calculated as the ratio of PCA (mol) to the sum of the initial
monophenols (mol).

4. Conclusions

In this work, P. putida KT2440 exhibited remarkable degradation abilities toward
diverse phenolic acids and aldehydes in hydrolysates. By knockout of pcaGH and overex-
pression of the endogenous vanAB in P. putida KT2440, the maximum yield of PCA from
FA and p-CA increased to 75.6% and 97.7%, respectively. Furthermore, by blocking sugar
metabolism, the engineered strain KT3 did not consume the sugar, and only utilized the
residual acetic acid in hydrolysates for cell growth and converted at least five phenolic
compounds to PCA. Additionally, 253.88 mg/L of PCA was achieved by hydrolysate 1
with a yield of 70.85% and the highest titer of PCA was obtained at 433.72 mg/L PCA using
hydrolysate 2. In addition to the common chemicals from sugars, the production of PCA
further enhances the utilization value of the dilute acid pretreatment hydrolysate.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29071555/s1, Figure S1: Proportion of nine monophenols
in total phenols in two hydrolysates; Figure S2: Metabolic process and growth of SAL, SA, VAN,
and FA by P. putida KT2440; Figure S3: Confirmation of gene deletion and overexpression; Figure
S4: The intermediate concentration (4-HBA and VA) curves; Figure S5: The growth on glucose and
xylose by engineered P. putida KT2440; Figure S6: Production of PCA from 80% (v/v) hydrolysate 2 by
KT2; Figure S7: HPLC analysis of PCA production in hydrolysates 1 and 2. Table S1: Primers used in
this study.
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Abstract: Zwitterionic polymer coatings facilitate the formation of hydration layers via electrostatic
interactions on their surfaces and have demonstrated efficacy in preventing biofouling. They have
emerged as a promising class of marine antifouling materials. However, designing multifunctional,
environmentally friendly, and natural products-derived zwitterionic polymer coatings that simulta-
neously resist biofouling, inhibit protein adhesion, exhibit strong antibacterial properties, and reduce
algal adhesion is a significant challenge. This study employed two diisocyanates as crosslinkers
and natural urushiol and ethanolamine as raw materials. The coupling reaction of diisocyanates
with hydroxyl groups was employed to synthesize urushiol-based precursors. Subsequently, sulfobe-
taine moieties were introduced into the urushiol-based precursors, developing two environmentally
friendly and high-performance zwitterionic-functionalized polyurushiol antifouling coatings, de-
noted as HUDM-SB and IPUDM-SB. The sulfobetaine-functionalized polyurushiol coating exhibited
significantly enhanced hydrophilicity, with the static water contact angle reduced to less than 60◦, and
demonstrated excellent resistance to protein adhesion. IPUDM-SB exhibited antibacterial efficacy up
to 99.9% against common Gram-negative bacteria (E. coli and V. alginolyticus) and Gram-positive bac-
teria (S. aureus and Bacillus. sp.). HUDM-SB achieved antibacterial efficacy exceeding 95.0% against
four bacterial species. Furthermore, the sulfobetaine moieties on the surfaces of the IPUDM-SB and
HUDM-SB coatings effectively inhibited the growth and reproduction of algal cells by preventing
microalgae adhesion. This zwitterionic-functionalized polyurushiol coating does not contain antifoul-
ing agents, making it a green, environmentally friendly, and high-performance biomaterial-based
solution for marine antifouling.

Keywords: urushiol; zwitterionic polymers; marine antifouling coating; biomass-based coating

1. Introduction

The attachment and growth of microorganisms, algae, barnacles, and other aquatic
organisms on the surfaces of ships, marine facilities, or other underwater structures in the
marine environment is referred to as marine biofouling [1,2]. A globally recognized issue,
biofouling leads to surface contamination of vessels and underwater equipment, increased
hydrodynamic resistance, corrosion of underwater structures, threats to safe operations,
economic losses, and environmental concerns [3]. These challenges significantly impede
the development and utilization of marine resources worldwide. Protective coatings are
the most direct and effective means of mitigating marine biofouling. However, the marine
antifouling coatings used domestically and internationally often rely on petroleum-based
resin materials containing toxic metal ions and bioactive additives, such as Cu2O [4,5], zinc
pyrithione [6,7], and copper/zinc pyrithione sulfate [8]. Although they combat marine
biofouling, the self-degradation products of these coatings can severely harm non-target
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organisms and the marine environment. Consequently, within the framework of achieving
global “carbon neutrality”, there is a pressing need to design and synthesize environmen-
tally friendly, non-toxic, renewable, and high-performance marine antifouling coatings
based on natural extracts (such as cellulose [9,10], urushiol [11], tannic acid [12], and tung
oil [13]).

Hydrophilic materials that are resistant to protein adhesion represent a prominent
category of fouling-resistant coatings. This property is often achieved through the incorpo-
ration of polyethylene glycol (PEG) and zwitterions to enhance the hydrophilicity of the
material [14,15]. PEG is a non-toxic material that forms hydration layers through extensive
hydrogen bonding with water molecules and effectively inhibits protein adhesion [14,16].
However, PEG lacks inherent biocidal properties and has insufficient mechanical perfor-
mance to support its use as a long-term antifouling coating. Zwitterionic compounds are an
alternative class of hydrophilic antifouling material featuring chemical structures that con-
tain positively and negatively charged groups [17]. These compounds undergo electrostatic
interactions to form hydration layers and display strong hydrophilicity, deterring the adhe-
sion of fouling organisms via inhibition of protein adhesion [18].Typical cationic zwitterions
include quaternary ammonium ions, while anionic zwitterions include sulfobetaines, car-
boxybetaines, and phosphocholines [18,19]. Zwitterions can be utilized to modify surface
grafting to tailor the surface properties of polymers and achieve high hydrophilicity in their
coatings. Additionally, the quaternary ammonium ions in zwitterionic compounds impart
effective antibacterial properties [20,21]. Therefore, zwitterion-modified polymer surfaces
form hydration layers on the coating surfaces to prevent adhesion by fouling organisms
and also exhibit biocidal effects due to the quaternary ammonium groups. The synergistic
action of these two mechanisms gives these coatings exceptional antifouling characteristics.
Zhang et al. [22] employed a one-pot reaction to graft zwitterionic esters and capsaicin
polymer on a polydimethylsiloxane (PDMS) network, resulting in a multifunctional marine
antifouling coating with excellent adhesion resistance for protein, bacteria, and diatoms.
Guan et al. [23] significantly enhanced the surface hydrophilicity of modified membranes
using layer-by-layer interfacial polymerization of zwitterionic polymers, concurrently in-
creasing water permeability to create a material with outstanding antifouling properties.
The coatings do not release other antifouling agents because the quaternary ammonium
groups are grafted onto them. Therefore, zwitterion surface functionalization offers an
environmentally friendly and synergistic antifouling strategy. Although the exceptional
performance of zwitterionic compounds in marine antifouling has been confirmed, their
independent application in marine antifouling is challenging. Firm coupling with substrate
materials through chemical or physical methods is required to fully leverage their excellent
antibacterial and antifouling properties.

Raw lacquer, a distinctive and high-quality natural resource in Asia, is a natural resin
coating with excellent adhesion, film-forming properties, renewability, and environmental
friendliness [24,25]. It has been used as an adhesive and coating for furniture, wooden
structures, and other items for thousands of years. Urushiol is the primary component
of raw lacquer and has a catechol-like ortho-quinone structure with alkyl side chains of
C15–C17 on the benzene ring [26]. Urushiol is a premium natural resource for construct-
ing green marine antifouling coatings because the dual-active hydroxyl and unsaturated
double bonds within its molecular structure render it highly chemically reactive and modifi-
able [11]. The active phenolic hydroxyl group of urushiol can readily form a stable interface
with the functional groups of zwitterionic compounds through covalent or non-covalent
bonds. This interaction creates active sites with high potential for adhesion in zwitterionic
compounds. The flexible, unsaturated long side-chain structure of urushiol can undergo
a self-polymerization reaction, leading to the formation of a mesh polymer cross-linking
network with favorable mechanical properties for use in zwitterionic polymer coatings.
Urushiol polymer coatings have a smooth and compact texture, high hardness, excellent
stability, and resistance to organic solvents and chemical corrosion. These properties may
collectively enhance the underwater stability of zwitterionic polymer coatings. Further-
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more, the structure and properties of urushiol-based polymer coatings can be effectively
adjusted by altering the ratio of the components. This flexibility enables the creation of a
novel, green, bio-based marine antifouling coating with superior performance.

In the present study, environmentally friendly sulfobetaine-functionalized polyu-
rushiol coatings, specifically HUDM-SB and IPUDM-SB, were synthesized using natural
urushiol and ethanolamine as raw materials. Two types of diisocyanates were selected as
cross-linking agents, and the coupling reaction of diisocyanates with the hydroxyl groups
of urushiol was employed to synthesize urushiol-based precursors. Subsequently, sulfo-
betaine groups were introduced into these precursors, resulting in two environmentally
friendly and high-performance zwitterionic-functionalized urushiol-polymer antifouling
coatings. The impact of zwitterionic groups on the wettability, thermal stability, and
physical–mechanical properties of the coatings was investigated using contact angle mea-
surements, liquid-droplet adhesion tests, thermogravimetric analysis, and tests of mechani-
cal properties. Furthermore, bovine serum albumin (BSA) and γ-globulin were used to sys-
tematically evaluate the ability of these coatings to resist protein adhesion. Additionally, the
antibacterial and anti-diatom-fouling performances of the coatings were comprehensively
examined using the Gram-negative bacteria Escherichia coli (E. coli) and Vibrio alginolyticus
(V. alginolyticus), the Gram-positive bacteria Staphylococcus aureus (S. aureus) and Bacillus
species (Bacillus. Sp.), and the algae Nitzschia closterium (N. closterium) and Phaeodactylum
tricornutum (P. tricornutum). These coatings were primarily sourced from urushiol, a natural
product, and sulfobetaine zwitterionic groups and contained no additional fouling agents.
The coatings offer a novel approach to developing green, environmentally friendly, and
high-performance biomaterial-based marine antifouling materials.

2. Results and Discussions
2.1. Synthesis and Structural Characterization of the HUDM-SB and IPUDM-SB Monomers

As shown in Figure 1a, the reaction between DMEA and HMDI formed PHDE contain-
ing aliphatic isocyanate (NCO) groups. Subsequently, the NCO groups in PHDE reacted
with OH groups in urushiol to produce a urushiol monomer with quaternary amine struc-
tures (HUDM). Next, zwitterionic sulfobetaine glycine monomers were covalently linked
to HUDM molecules through an opening reaction with 1,3-propane sulfone and the ter-
tiary amine, yielding HUDM-SB. The chemical structure of HUDM-SB was characterized
using FTIR spectroscopy, as shown in Figure 1c. The FTIR spectrum of HMDI exhibited
characteristic peaks near 2270 cm−1 corresponding to the NCO groups [27]. Additionally,
NCO peaks were observed around 2270 cm−1 in the PHDE spectrum, albeit with reduced
intensity compared to HMDI, indicating a reaction between a few NCO groups in HMDI
and DMEA. However, the characteristic NCO peaks disappeared in the FTIR spectrum
of HUDM, suggesting the reaction of the remaining isocyanate groups in HMDI with
urushiol [28]. Furthermore, a series of characteristic absorption peaks corresponding to
the phenolic amide ester linkages were observed, confirming the successful coupling of
NCO and OH groups. In the PHDE and HUDM spectra, peaks at 3330 and 3299 cm−1

were attributed to the N-H stretching vibrations in amide esters and phenolic amide ester
bonds [29], respectively. The peaks at 1721 and 1706 cm−1 corresponded to the C=O stretch-
ing vibrations [30], and overlapping peaks at 1249–1259 cm−1 indicated the stretching and
bending vibrations of the C-N bond in the amide and N-H bonds [31]. Therefore, these
results verified the successful synthesis of HUDM, the precursor containing aminoethyl
methacrylate and phenolic amide ester bonds. Moreover, the FTIR spectrum of HUDM-SB
displayed strong characteristic absorption peaks at 1170 and 1067 cm−1, corresponding to
the vibrational absorption peaks of the –SO3

− groups, confirming the successful coupling
of sulfobetaine glycine groups to the urushiol molecules [32].
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Figure 1. (a,b) Synthesis of HUDM, HUDM−SB, IPUDM and IPUDM−SB. ATR−FTIR spectra of
(c) HUDM−SB and (d) IPUDM−SB.

Similarly, the reaction between DMEA and IPDI formed PIPDE containing NCO
groups, as shown in Figure 1b. The NCO groups in PIPDE readily coupled with OH
groups in urushiol molecules to yield IPUDM, which is urushiol with tertiary amine
structures. Subsequently, zwitterionic sulfobetaine glycine monomers were covalently
linked to urushiol through an opening reaction with 1,3-propane sulfone and the tertiary
amine to form IPUDM-SB. The chemical structure of IPUDM-SB was characterized using
FTIR spectroscopy, as shown in Figure 1d. Compared to the FTIR spectrum of IPDI shown in
Figure 1d, the absorption peak intensity of the NCO characteristic peak around 2250 cm−1

in PIPDE was significantly reduced, indicating a reaction between the NCO groups in
IPDI and DMEA [33]. The NCO characteristic peaks disappeared in the FTIR spectrum of
IPUDM, suggesting a complete reaction of the two isocyanates in IPDI with DMEA and
urushiol. The peaks at 3308 and 3318 cm−1 in the PIPDE and IPUDM spectra corresponded
to the N-H stretching vibrations in amide ester and phenolic amide ester bonds, respectively.
The peaks at 1719 and 1713 cm−1 represented the C=O stretching vibrations [34]. The
overlapping peaks at 1237–1238 cm−1 indicated the stretching and bending vibrations
of the C-N bond in the amide and N-H bonds. Therefore, these results confirmed the
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successful synthesis of IPUDM, the precursor containing aminoethyl methacrylate and
phenolic amide ester bonds. Furthermore, the FTIR spectrum of IPUDM-SB showed strong
characteristic absorption peaks at 1166 and 1036 cm−1, corresponding to the vibrational
absorption peaks of the –SO3

− groups, confirming the successful coupling of sulfobetaine
glycine groups with the urushiol molecules [32].

2.2. Surface Elemental Composition of the HUDM-SB and IPUDM-SB Coatings

As illustrated in Figure 2, XPS was employed to characterize the surface elemental
composition of the zwitterion-functionalized urushiol polymer coatings. The XPS spectra of
the IPUDM and HUDM coatings showed only three peaks, representing C1s (284.5 eV), N1s
(400.1 eV), and O1s (544.9 eV). However, as shown in Figure 2a,e, additional characteristic
peaks for S elements, S2p and S2s, were evident in the XPS spectra of IPUDM-SB and
HUDM-SB coatings where sulfobetaine moieties were introduced, indicating the successful
grafting of sulfobetaine to urushiol molecules [35]. As shown in the high-resolution
N1s spectra in Figure 2b,f, IPUDM and HUDM coatings had a single primary peak at
~400.1 eV. As shown in Figure 2c,g, the N1s spectra of the IPUDM-SB coatings had two
distinct peaks at 402.3 and 399.9 eV, and the N1s spectra of the HUDM-SB coatings had
two distinct peaks at 402.5 and 399.8 eV. The peaks at 399.9 and 399.8 eV corresponded
to the unreacted tertiary amines on the IPUDM-SB and HUDM-SB coatings, respectively.
The other peaks at 402.5 and 402.3 eV represented the quaternary ammonium ions (+NR4)
formed after the successful chemical grafting of 1,3-propane sulfone [32]. The quaternary
ammonium ions required higher energy to displace electrons from their N1s orbitals due
to their electron-deficient and more stable nature. Additionally, as shown in Figure 2d,h,
the surfaces of the IPUDM-SB coatings had two sulfur (S) elemental peaks at 169.0 and
167.7 eV, and the surfaces of the HUDM-SB coatings had two S elemental peaks at 169.1
and 167.8 eV, corresponding to the S2p1/2 and S2p3/2 signal absorption peaks of the –SO3

−

groups [36], respectively. Therefore, the results confirmed that the reaction of the IPUDM
and HUDM precursors with 1,3-propane sulfone and tertiary amines through an opening
reaction covalently linked sulfobetaine glycine to the urushiol molecules. Additionally, this
synthesis resulted in zwitterionic urushiol-based polymeric antifouling coatings, rich in
cationic (+NR4) and anionic (–SO3

−) functional groups.

Figure 2. Cont.
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Figure 2. (a,e) XPS survey spectra stack graph of IPUDM, HUDM, IPUDM−SB and HUDM−SB.
N1s core-grade XPS spectra of (b) HUDM, (c) HUDM−SB, (f) IPUDM, and (g) IPUDM−SB. S2p
core-grade XPS spectra of (d) HUDM−SB and (h) IPUDM−SB.

2.3. Surface and Physicochemical Properties of the Coatings

The physical and mechanical properties of zwitterionic urushiol-polymer coatings,
which were synthesized by coupling urushiol molecules with different types of isocyanates,
are presented in Table 1. The urushiol coating coupled with cycloaliphatic isocyanates
(IPUDM-SB) exhibited superior adhesion, pencil hardness, and gloss compared to the
urushiol coating coupled with aliphatic isocyanates (HUDM-SB). This observation suggests
that coatings with a higher proportion of rigid structures within the urushiol polymer have
enhanced hardness. Importantly, both IPUDM-SB and HUDM-SB coatings demonstrated
higher adhesion and hardness than the unmodified zwitterionic urushiol-based polymer
coatings, indicating that the introduction of sulfobetaine moieties did not compromise the
original physical properties of the coatings.

Table 1. Physical and mechanical properties of different coatings.

Samples Adhesion (Grade) Pencil Hardness Glossiness (%)

IPUDM 7 1H 93.7
IPUDM-SB 3 2H 88.7

HUDM 6 4B 65.8
HUDM-SB 4 HB 44.6

In order to evaluate the hydrophilic properties of the coated surfaces, static water
contact angles (WCAs) were measured at room temperature for each of the coatings, namely,
IPUDM, IPUDM-SB, HUDM, and HUDM-SB, as depicted in Figure 3. Contact-angle mea-
surements revealed that the WCAs for IPUDM and HUDM coatings were 95.5 ± 0.9◦ and
88.7 ± 5.8◦, respectively. The hydrophobic nature of the IPUDM coating was attributed
to the presence of rigid structures originating from cycloaliphatic isocyanates. In con-
trast, the HUDM coating, which contained aliphatic isocyanates and saturated long-chain
flexible structures, exhibited reduced hydrophobicity. The introduction of zwitterionic
functionalities in the IPUDM-SB and HUDM-SB coatings led to a significant reduction in
WCAs, with values of 56.2 ± 2.19◦ and 57.0 ± 5.77◦, respectively. This finding represents
respective decreases of 41.12% and 35.74% in contact angles, indicating notably enhanced
hydrophilicity. This enhancement can be attributed to the abundance of anions and cations
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on the coating surfaces, which, through electrostatic hydration, formed a dense hydration
layer without disrupting hydrogen bonding between water molecules [37]. Remarkably,
IPUDM-SB coatings demonstrated the greatest increase in hydrophilicity, possibly due to
the isophorone diisocyanate structure and the presence of two different NCO reactivity sites.
Generally, coatings with higher hydrophilicity tend to exhibit stronger binding with water
droplets. As shown in Figure 3b, the unmodified IPUDM and HUDM coatings displayed
significantly lower binding with water droplets compared to the zwitterionic functionalized
IPUDM-SB and HUDM-SB coatings. The adhesion forces between the IPUDM-SB and
HUDM-SB coatings and water droplets measured 0.51 mN and 0.43 mN, respectively, with
the IPUDM-SB coating demonstrating a higher binding force than the HUDM-SB coating,
consistent with the WCA test results.

Figure 3. Basic performance tests for IPUDM, IPUDM−SB, HUDM and HUDM−SB coatings:
(a) WCA, (b) adhesion force measurements, and (c) statistical adhesion force measurements. Each
sample was measured thrice and averaged.

The thermal stability of room-temperature-cured IPUDM-SB and HUDM-SB coatings
was examined using thermogravimetric analysis (TGA), as depicted in Figure 4a,b. The
results indicated that IPUDM-SB and HUDM-SB coatings began to decompose at tem-
peratures of 199.17 ◦C and 222.50 ◦C, with residual carbon contents of 7.47% and 8.26%,
respectively. The thermal decomposition can be described as follows. In the initial step, the
carbonyl bonds of the carbamate groups on the polymer’s main chain undergo thermal
cleavage, resulting in isocyanates, polyols, or polyphenols. In the subsequent step, the hard
segments of isocyanates break down into diisocyanates. The final step involves polyol or
polyphenol decomposition. This finding indicates that the breakdown of the urea bonds
in the isocyanates and the carbamate groups in the hard segments occurs earlier than the
decomposition of the soft segments. IPUDM-SB, which contains cycloaliphatic isocyanates,
begins to decompose at a slightly lower temperature than HUDM-SB, which includes
aliphatic isocyanates, indicating that IPUDM-SB has lower thermal stability.

The thermal performance of the room-temperature-cured coatings, namely IPUDM,
IPUDM-SB, HUDM, and HUDM-SB, was further investigated through differential scanning
calorimetry (DSC) analysis. As illustrated in Figure 4c,d, distinct glass transition tempera-
tures (Tg) were observed during the second heating scan in the DSC test: 40.72 ◦C, 93.56 ◦C,
24.51 ◦C, and 74.12 ◦C, respectively. It is evident that HUDM and HUDM-SB coatings have
slightly lower Tg values compared to IPUDM and IPUDM-SB coatings. This difference can
be attributed to the use of 1,6-hexamethylene diisocyanate as the crosslinker in HUDM and
HUDM-SB coatings, which introduces more flexible structures and thus results in lower
Tg values. Additionally, the DSC results reveal that IPUDM-SB and HUDM-SB coatings,
which are functionalized with sulfobetaine, exhibit significantly higher Tg values compared
to IPUDM and HUDM coatings. This significant change in Tg values suggests that the
introduction of sulfobetaine moieties may increase cross-linking density and reduce the
free volume fraction of the main chains of IPUDM-SB and HUDM-SB coatings. Further-
more, IPUDM-SB, which contains cycloaliphatic isocyanates, exhibits a slightly higher
cross-linking density compared to HUDM-SB, which contains aliphatic isocyanates.
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Figure 4. Thermal stability tests for HUDM−SB and IPUDM−SB coatings: (a) DTG (b) TGA. Glass
transition temperature tests for coatings: (c) HUDM and HUDM−SB (d) IPUDM and IPUDM−SB.

2.4. Surface and Physicochemical Properties of the Coatings

The occurrence of biofouling on the surfaces of underwater equipment involves several
stages, including formation of an organic monolayer, development of a biofilm, adhesion
of algal spores and protozoa, and attachment of macrofouling organisms. A crucial initial
step in macrofouling is the successful adsorption of organic compounds, such as proteins,
polysaccharides, and nucleic acids, onto underwater substrates. Hydrophilic antifouling
coatings operate by capitalizing on the inhibitory effect of the surface hydration layer on
the adsorption of organic macromolecules, which discourages subsequent attachment by
fouling organisms [38]. Consequently, evaluating the anti-protein-adsorption capacity of
antifouling coatings is essential for assessing their fouling resistance. In this study, we
employed two major plasma proteins, bovine serum albumin (BSA) and γ-globulin, to
evaluate the anti-protein-adsorption performance of the coatings through static protein
adsorption. The absorbance of BSA and γ-globulin solutions to different coating surfaces
is presented in Figure 5a,b. Notably, for both protein solutions, the absorbance to the
IPUDM-SB and HUDM-SB coatings was lower than the absorbance to the BG, IPUDM, and
HUDM coatings. As depicted in Figure 5c, for the BSA solution, the ultraviolet absorbances
at 280 nm were 0.51, 0.31, and 0.32 for the BG, HUDM, and IPUDM coatings, respectively.
In the case of the γ-globulin solution, the corresponding ultraviolet absorbances for these
coatings were 0.58, 0.36, and 0.3. Both IPUDM and HUDM coatings exhibited significantly
lower ultraviolet absorbance at 280 nm for both types of proteins compared to the blank
control BG. This result indicates that IPUDM and HUDM coatings have some level of
resistance to protein adhesion. After the addition of sulfobetaine zwitterionic groups,
the IPUDM-SB and HUDM-SB coatings showed a significant reduction in ultraviolet
absorbance at 280 nm in both BSA and γ-globulin solutions. The ultraviolet absorbance
for BSA solutions decreased to 0.11 and 0.35, respectively, for the two coatings, while
the ultraviolet absorbance for γ-globulin solutions decreased to 0.14 and 0.24. These
findings indicate that both coatings exhibit excellent fouling resistance, primarily due to
the highly hydrophilic nature of the zwitterionic groups on the coating surfaces. These
groups, through electrostatically induced hydration interactions, form a hydration layer,
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hindering the interaction between proteins and the surface. The zwitterionic groups thus
provide the coatings with outstanding anti-protein-adhesion properties [39].

Figure 5. The absorbance at 280 nm of protein solutions attached to the surfaces of BG, HUDM,
HUDM-SB, IPUDM, and IPUDM-SB coatings. (a) BSA; (b) γ-globulin; (c) Adsorption capacity of BSA
and γ-globulin solutions on BG, HUDM, HUDM-SB, IPUDM, and IPUDM-SB coatings at 280 nm.

2.5. Antibacterial Performance of the Coatings

To investigate the antibacterial performance of IPUDM-SB and HUDM-SB coatings,
four bacterial strains were employed for assessment, namely, Gram-negative E. coli (BW
25113), Gram-positive S. aureus (ATCC 25923), marine bacterium V. alginolyticus (ATCC
33787), and Bacillus sp. (MCCC 1B00342). The antibacterial effectiveness of the antifouling
coatings was assessed by determining the number of bacterial colonies that developed on
agar plates from a bacterial culture broth collected from the sample surface and comparing
to the yield from the control sample BG. As shown in Figure 6a, visual images of agar
plates from various samples clearly depict substantial numbers of bacterial colonies grown
from culture broth collected from the unmodified IPUDM and HUDM coatings, indicating
limited antibacterial properties. The antibacterial rates of IPUDM coatings against E. coli,
S. aureus, V. alginolyticus, and Bacillus sp. were 19.5%, 28%, 36%, and 24.5%, respectively,
while HUDM coatings displayed lower antibacterial effectiveness rates of 14%, 14.5%,
34%, and 12.5% against the same bacteria (Figure 6b). In contrast, IPUDM-SB coatings
exhibited the highest antibacterial effectiveness against all four bacteria, with nearly no
bacterial colonies on the agar plates and an antibacterial effectiveness rate of 99.9%. On
the other hand, growth media collected from the HUDM-SB coatings yielded scattered
bacterial colonies on agar plates for all four bacteria, with antibacterial effectiveness rates
of 95.0%, 96.5%, 99.5%, and 97.5% (Figure 6b). The zwitterionic sulfobetaine-modified
polyphenol coatings thus demonstrated remarkable antibacterial properties. This finding
can be mainly attributed to the cationic quaternary ammonium salts on the surfaces of
IPUDM-SB and HUDM-SB coatings, which actively engage negatively charged bacteria
through electrostatic interactions, resulting in cell-membrane rupture, cytoplasm leakage,
and bacterial death. The ions thus exert antibacterial effects [40,41].

2.6. Algal-Fouling Resistance of the Coatings

Marine environments harbor abundant marine microalgae that readily adhere to
marine structure surfaces, forming conducive biofilms that provide favorable conditions
for the subsequent attachment of larger marine fouling organisms. Consequently, in
this study, two marine microalgae, N. closterium and P. tricornutum, served as models for
marine fouling. We investigated the anti-biofouling capacity of zwitterionic-functionalized
polyphenol coatings. As illustrated in Figure 7, BG, IPUDM, IPUDM-SB, HUDM, and
HUDM-SB coatings were immersed in diluted marine microalgae cell solutions in an f/2
culture medium for co-culture. As shown in the images in Figure 7a–d, after 7 days of
immersion, a substantial amount of greenish-yellow precipitate was observed at the bottom
of the culture medium with the BG, IPUDM, and HUDM coatings. This result suggests
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extensive growth and proliferation of N. closterium and P. tricornutum in the culture media
with these three samples. Furthermore, the concentrations of marine microalgae cells in the
culture media with the IPUDM and HUDM coatings did not differ significantly from that
in culture with the blank control BG, indicating that these two coatings did not inhibit algal
cell proliferation, a finding that agrees with the results of the antibacterial assay. Before
sulfobetaine was introduced, the IPUDM and HUDM coatings lacked effective antibacterial
and anti-algal functional groups, and as a result, they did not exhibit resistance to fouling.
However, after sulfobetaine was incorporated into the IPUDM and HUDM coatings, the
IPUDM-SB and HUDM-SB coatings significantly inhibited the growth of both marine
microalgae species. As shown in Figure 7e, the concentration of N. closterium cells in the
IPUDM-SB coating culture medium was 4.45 × 105 cells/mL and the concentration of
P. tricornutum cells was 23.75 × 105 cells/mL. In the culture media with HUDM-SB coatings,
the concentration of N. closterium cells was 14.7 × 105 cells/mL, and the concentration of
P. tricornutum cells was 6.31 × 105 cells/mL. Furthermore, after 7 days of immersion in
water, IPUDM-SB and HUDM-SB coatings remained intact and did not exhibit significant
signs of swelling, indicating their good stability underwater.

Figure 6. Digital photographs of antibacterial tests conducted with representative bacteria: (a) Gram-
negative E. coli; (b) Gram-positive S. aureus; (c) Gram-negative V. alginolyticus, and (d) Gram-positive
Bacillus sp. after 24 h of incubation on various coatings, namely (i) BG, (ii) IPUDM, (iii) IPUDM-SB,
(iv) HUDM, and (v) HUDM-SB. Additionally, (e) the antibacterial efficiency of IPUDM, IPUDM-SB,
HUDM, and HUDM-SB coatings was compared to BG in terms of their effects on E. coli, S. aureus,
V. alginolyticus, and Bacillus sp., based on three parallel experiments.

Figure 7. Photographs depicting algal inhibition: 1 day—(a) N. closterium and (c) P. tricornutum;
7 days—(b) N. closterium and (d) P. tricornutum in an f/2 medium with coatings (i) BG, (ii) IPUDM,
(iii) IPUDM-SB, (iv) HUDM, and (v) HUDM-SB. Additionally, (e) shows the concentrations of
N. closterium and P. tricornutum determined through cell counting with a hemocytometer after 7 days
of cultivation, based on three parallel experiments.
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For a more comprehensive analysis of the adhesion of marine algal cells on zwitterionic-
functionalized polyphenol coatings, samples coated with these materials were immersed
in diluted algal cell solutions for 7 days, then examined using fluorescence microscopy.
Figure 8a,b depicts fluorescence microscopy images of N. closterium and P. tricornutum
adhered to the BG, IPUDM, IPUDM-SB, HUDM, and HUDM-SB coatings. To quantify
the coverage of algal cells on the coating surface, we measured the fluorescence intensity
of the images using ImageJ (1.52a) software. The fluorescence microscopy images of the
BG surface showed a consistent and bright fluorescence, indicating the uniform adhesion
of a large number of algal cells to the surface, with coverages of 17.14% for N. closterium
and 19.88% for P. tricornutum (Figure 8c). On the surfaces of the IPUDM and HUDM
coatings, the coverage values of N. closterium were 1.95% and 3.36%, respectively, and those
of P. tricornutum were 1.67% and 1.17%, respectively (Figure 8c). In contrast, the coverage
values of N. closterium on the surfaces of the IPUDM-SB and HUDM-SB coatings were
only 0.21% and 1.02%, while those of P. tricornutum were only 0.13% and 0.10% (Figure 8c).
These results indicate that fewer algal cells adhered to the surfaces of the IPUDM-SB and
HUDM-SB coatings, highlighting their superior anti-algal-adhesion properties. These
findings can be attributed to several factors. First, the sulfobetaine groups on the surfaces
of the IPUDM-SB and HUDM-SB coatings effectively inhibit the growth and proliferation
of algal cells, reducing algal cell concentrations [42,43]. Second, as depicted in Figure 8d,
the hydrophilicity of the IPUDM-SB and HUDM-SB coatings, combined with the dense
hydration layer formed on their surfaces through electrostatic interactions, reduces the
strength of adhesive forces between marine algal cells and the coatings [44]. It is thus
easier to rinse the cells off with deionized water, resulting in improved resistance to algal
cell adhesion.

Figure 8. Fluorescent photographs of (a) Nannochloropsis closterium and (b) Phaeodactylum tricornutum
adhesion after 7 days of cultivation on coatings (i) BG, (ii) IPUDM, (iii) IPUDM-SB, (iv) HUDM, and
(v) HUDM-SB. The scale bars in the images represent 40 µm. (c) Statistical chart of algal density in
examined fields using ImageJ software, based on five random fields at 40× magnification, covering
0.156 mm2 per field. (d) Antifouling mechanism of the HUDM-SB and IPUDM-SB coatings.
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3. Materials and Methods
3.1. Materials

Raw lacquer, purchased from Maoba Town, Hubei Province, China, was treated with
ethanol to extract urushiol [45]. Hexamethylene diisocyanate (HMDI), isophorone diiso-
cyanate (IPDI), dibutyltin dilaurate (DBTDL), trichloromethane, and N,N-dimethylethanolamine
(DMEA) were purchased from Shanghai McLin Biochemical Co., Ltd. (Shanghai, China).
Tetrahydrofuran, ethanol, 1,3-propanesultone, deionized water, BSA, and γ-globulin were
obtained from Shanghai National Pharmaceutical Reagent Co., Ltd. (Shanghai, China).
Phosphate-buffered saline (PBS, pH = 7.4) was procured from Shanghai Sangon Biotech
Co., Ltd. (Shanghai, China). Artificial seawater (ASW) was prepared according to ASTM
D1141–1998 (2013). E. coli, V. alginolyticus, S. aureus, and Bacillus. sp. were purchased from
Beijing Baibo Wei Biotechnology Co., Ltd. (Beijing, China). N. closterium and P. tricornutum
were obtained from Shanghai Guangyu Biotechnology Co., Ltd. (Shanghai, China).

3.2. Synthesis of HUDM-SB Monomers

Under a nitrogen atmosphere, 1.78 g of DMEA (0.20 mol), 3.36 g of HMDI (0.20 mol),
and 20 mL of anhydrous trichloromethane were placed in a 250 mL three-necked round-
bottom flask equipped with a thermometer, a reflux condenser, and a constant-pressure
dropping funnel. Then, the mixture was stirred continuously at 40 ◦C for 2 h to facilitate
the addition reaction between the alcohol hydroxyl and the NCO groups of DMEA and
HMDI, respectively, forming a linear precursor (PHDE). Subsequently, 6.32 g of urushiol
(0.20 mol) dissolved in 10 mL of anhydrous trichloromethane was slowly added to the
aforementioned reaction system. The reaction system was then heated to 70 ◦C, and the
reaction was allowed to proceed for an additional 12 h. The system was cooled to room
temperature after the reaction was completed, and rotary evaporation was employed to
remove the solvent and obtain the urushiol-based precursor (HUDM). Next, HUDM and
1,3-propanesultone were mixed in a 1:1 molar ratio in a 100 mL three-necked flask. The
mixture was stirred continuously at 37 ◦C for 24 h, and rotary evaporation was used
to remove the solvent. Finally, a black viscous liquid, the urushiol-based sulfobetaine
monomer (HUDM-SB), was obtained by vacuum drying.

3.3. Synthesis of IPUDM-SB Monomers

In a nitrogen atmosphere, 1.78 g of DMEA (0.20 mol), 3.36 g of IPDI (0.20 mol),
and 20 mL of anhydrous trichloromethane were placed in a 250 mL three-necked round-
bottom flask equipped with a thermometer, a reflux condenser, and a constant-pressure
dropping funnel. The mixture was stirred continuously at 40 ◦C for 2 h, facilitating the
addition reaction between the alcohol hydroxyl and the NCO groups of DMEA and IPDI,
respectively, resulting in the formation of a linear precursor (PIPDE). Subsequently, 6.32 g
of urushiol (0.20 mol) dissolved in 10 mL of anhydrous trichloromethane was added
slowly to the aforementioned reaction system. The reaction system was then heated to
70 ◦C, and the reaction was allowed to proceed for an additional 12 h. When the reaction
was complete, the system was cooled to room temperature and rotary evaporation was
employed to remove the solvent and obtain the urushiol-based precursor (IPUDM). Next,
IPUDM and 1,3-propanesultone were mixed in a 1:1 molar ratio in a 100 mL three-necked
flask. The mixture was stirred continuously at 37 ◦C for 24 h, and rotary evaporation was
used to remove the solvent. Finally, a black viscous liquid, the urushiol-based sulfobetaine
monomer (IPUDM-SB), was obtained after vacuum drying.

3.4. Synthesis of HUDM-SB and IPUDM-SB Coatings

First, 2.5 cm × 2.5 cm slides of bare glass (BG) underwent sequential cleaning through
ultrasonication in acetone, ethanol, and deionized water for 10 min, which was followed
by N2 drying. A predetermined quantity of HUDM-SB or IPUDM-SB was dissolved in
tetrahydrofuran (40 wt%), and curing agent DBTDL (0.05 wt%) was incorporated into the
solution. After thorough stirring, the solution was drop-cast onto the BG slides and left at
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room temperature until the solvent evaporated completely, resulting in the formation of
cured coatings. HUDM and IPUDM coatings were prepared as control samples using the
same method.

3.5. Characterizations

The chemical structures of the HUDM, IPUDM, HUDM-SB, and IPUDM-SB monomers
were characterized using Fourier-transform infrared (FTIR) spectroscopy (Thermo Fisher
Nicolet 5700, Waltham, MA, USA). The spectra were recorded in the 4000–400 cm−1 range
with 4 cm−1 resolution and 32 scans. The composition of the surface elements and contents
of the HUDM, IPUDM, HUDM-SB, and IPUDM-SB coatings were characterized using X-ray
photoelectron spectroscopy (XPS, Thermo Electron Fisher VG MultiLab 2000, Waltham,
MA, USA) with monochromatic Al Kα radiation (1254.0 eV). The binding energies were
calibrated using the C1s peak at 284.8 eV. The hydrophilicity of the surfaces of the different
coatings was assessed using static water contact angle measurements (DSA25, Kruss,
Hamburg, Germany). Deionized water (2 µL) was added at room temperature to conduct
the measurements, with five measurements taken for each sample to obtain average values
and standard deviations. The glass transition temperatures of the coatings were determined
using differential scanning calorimetry (DSC, Mettler-Toledo 3, Greifensee, Switzerland).
The measurements were conducted under a nitrogen atmosphere with a 50 mL/min
flow rate and a 10 ◦C/min heating rate from −30 to 160 ◦C. The thermal stability of the
coatings was analyzed by thermogravimetric analysis (TGA, Mettler-Toledo 3, Greifensee,
Switzerland). The measurements were conducted under a nitrogen atmosphere with
a 50 mL/min flow rate and a 10 ◦C/min heating rate from 30 to 600 ◦C. The coating
adhesion of droplets was measured using a surface-tension analyzer (Kruss K100MK2,
Hamburg, Germany). Deionized water (6 µL) was used at room temperature to conduct
the measurements with an immersion depth and time of 0.1 mm and 0.01 min, respectively,
and five measurements were conducted for each sample to obtain average values and
standard deviations. The pencil-scratch method was used to test the hardness of the
coatings according to the GB/T 6739–2006/ ISO 15184–2012 standards [46]. The cross-cut
method was used to assess the adhesion of the coatings according to the GB/T 1720–1979
standard [47].

3.6. Testing of Surface-Protein Adsorption

Protein-adhesion experiments were conducted according to the established protocols
described in the references. The Micro BCATM protein assay was utilized to measure the
adhesion of samples to BSA. Initially, the coating samples, including BG, HUDM, IPUDM,
HUDM-SB, and IPUDM-SB (2.5 cm × 2.5 cm), were sterilized under ultraviolet (UV) light
for 30 min. Subsequently, the samples were equilibrated in sterilized PBS for 2 h. Next, the
samples were immersed in a protein solution with a 2 mg/mL concentration. Subsequently,
the samples were incubated at 37 ◦C for 4 h and gently rinsed three times with PBS. They
were then placed in 4 mL of PBS containing 2 wt% sodium dodecyl sulfate (SDS) and
subjected to 30 min of ultrasonication in the SDS solution to remove any BSA that had
not adhered to the surface of the coatings. The absorbance at 280 nm was measured using
ultraviolet–visible (UV–vis) spectroscopy (TU-1810, Beijing Purkinje General Instrument
Co., Beijing, China) to determine the concentration of BSA that had adhered to the surface
of the coatings. The resistance of each coating to protein adsorption by γ-globulin was
evaluated by the same methodology.

3.7. Assessment of Antibacterial Activity

The antibacterial activity of the coatings was evaluated against four bacterial strains:
Gram-negative E. coli (BW 25113) and V. alginolyticus (ATCC 33787), and Gram-positive
S. aureus (ATCC 25923) and Bacillus. sp. (MCCC 1B00342). Strains of E. coli and S. aureus
were preserved in a 1:1 solution of Luria–Bertani (LB) broth and 40% (v/v) glycerol and
stored at −80 ◦C. Strains of marine bacterium V. alginolyticus and Bacillus. sp. were pre-
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served in a 1:1 solution of 2216E medium and 40% (v/v) glycerol and stored at −80 ◦C.
The bacterial strains were cultivated in fresh LB broth (2216E medium for marine bac-
terium) at 37 ◦C (30 and 28 ◦C for V. alginolyticus and Bacillus. sp., respectively) before
the antibacterial experiments, with shaking at 170 rpm for 20 h until O.D.600nm reached
1.8–2.0. Subsequently, BG slides and HUDM, IPUDM, HUDM-SB, and IPUDM-SB plates
(2.5 cm × 2.5 cm) were wiped with anhydrous ethanol, disinfected using 30 min of UV
irradiation, and placed in plastic Petri dishes. The bacteria were diluted to approximately
105–106 CFU/mL with fresh LB broth (2216E medium for marine bacterium) to prepare
the bacterial suspensions, and 100 µL of the diluted bacterial suspension was inoculated
onto the BG slides and onto the HUDM, IPUDM, HUDM-SB, and IPUDM-SB coatings. The
samples were covered with plastic wrap and incubated at 37 ◦C for 24 h. Subsequently, the
samples were gently rinsed with 10 mL of sterile PBS to remove the non-adherent bacteria.
The antibacterial rate (A.R.) of the HUDM, IPUDM, HUDM-SB, and IPUDM-SB coatings
was calculated based on the count of bacterial colonies in the PBS rinse solution on agar
plates using the following formula:

A.R. =
Ncontriol − Nsample

Ncontrol
× 100%

where Ncontrol represents the colony count (in CFU/mL) on BG plates and Nsample represents
the colony count (in CFU/mL) on the HUDM, IPUDM, HUDM-SB, and IPUDM-SB coatings.
Each sample was measured three times to obtain the average and the standard deviation.

3.8. Algal Biofouling Assessment

Algal growth and attachment experiments were conducted to evaluate the effects of
HUDM-SB and IPUDM-SB coatings on algae. Algal cells, specifically N. closterium and
P. tricornutum, were cultured in an f/2 medium using ASW with a 22 ± 2 ◦C growth tem-
perature and a 12 h:12 h light:dark cycle. The algal cells were diluted to a concentration of
105–106 cells/mL with fresh culture medium for use in algal cell reproduction and adhesion
experiments after seven days of cultivation. BG slides and HUDM, IPUDM, HUDM-SB,
and IPUDM-SB coatings were sterilized under UV light for 30 min and immersed in 30 mL
of culture medium containing algal cells. The concentration of algal cells was determined
using a hemocytometer after seven days of immersion, and the images were recorded to
monitor algal growth. The BG slides and the HUDM, IPUDM, HUDM-SB, and IPUDM-SB
coatings were removed from the experimental culture medium following the cultivation
period and rinsed with 20 mL of sterile PBS solution to remove all non-adherent algal
cells. Subsequently, the algae adhered onto the surfaces of BG slides, HUDM, IPUDM,
HUDM-SB, and IPUDM-SB coatings were examined using an Epi-illumination fluorescence
microscope (Eclipse Ci-L plus, Nikon, Tokyo, Japan) with a DAPI fluorescence filter kit. The
images of five random fields (20× magnification, 0.156 mm2/per field) under a dark field
were recorded for each sample. ImageJ software was employed to analyze the fluorescence
microscopy images and determine the algal coverage on the surfaces of the BG slides and
the HUDM, IPUDM, HUDM-SB, and IPUDM-SB coatings. Three parallel experiments were
conducted to calculate the standard deviation.

4. Conclusions

In summary, environmentally friendly sulfobetaine-functionalized polyurushiol coat-
ings, namely HUDM-SB and IPUDM-SB, were successfully synthesized. These coatings
utilize sustainable natural urushiol as the primary material and two types of diisocyanates
as crosslinkers. They incorporate zwitterionic sulfobetaine, which has remarkable water
affinity, as their hydrophilic component. These zwitterions form a dense hydration layer
underwater, effectively deterring the adhesion of nonspecific proteins, marine microalgae,
and other fouling organisms. The introduction of sulfobetaine significantly enhances the
hydrophilicity of polyurushiol coatings, resulting in water contact angles of 56.2◦ and 57.0◦

for the HUDM-SB and IPUDM-SB coatings, respectively. These results demonstrate the
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coatings’ excellent resistance to protein adhesion. Furthermore, the sulfobetaine moieties on
the coating surfaces actively engage with negatively charged bacteria through electrostatic
interactions, rupturing their cell membranes and resulting in superior antibacterial prop-
erties. The IPUDM-SB coatings demonstrate remarkable antibacterial activity, with 99.9%
prevention of the growth of prevalent Gram-negative bacteria (E. coli and V. alginolyticus)
and Gram-positive bacteria (S. aureus and Bacillus sp.). Similarly, the HUDM-SB coatings
also exhibit significant antibacterial activity, achieving rates exceeding 95.0% against these
four bacterial species. Moreover, the sulfobetaine moieties on the coating surfaces effec-
tively inhibit the growth and proliferation of algal cells. Additionally, they create a dense
hydration layer through electrostatic interactions, reducing adhesive forces between marine
microalgae and the coating surfaces. This layer effectively prevents biofouling by marine
microalgae without the use of fouling-release agents. These coatings offer a green and envi-
ronmentally friendly antifouling strategy, addressing economic losses caused by marine
biofouling and environmental pollution arising from the misuse of fouling-release agents.
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Abstract: This study investigates the synthesis of mesophase pitch using low-cost fluid catalytic crack-
ing (FCC) slurry and waste fluid asphaltene (WFA) as raw materials through the co-carbonization
method. The resulting mesophase pitch product and its formation mechanism were thoroughly
analyzed. Various characterization techniques, including polarizing microscopy, softening point mea-
surement, Fourier-transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA),
were employed to characterize and analyze the properties and structure of the mesophase pitch.
The experimental results demonstrate that the optimal optical texture of the mesophase product is
achieved under specific reaction conditions, including a temperature of 420 ◦C, pressure of 1 MPa,
reaction time of 6 h, and the addition of 2% asphaltene. It was observed that a small amount of
asphaltene contributes to the formation of mesophase pitch spheres, facilitating the development of
the mesophase. However, excessive content of asphaltene may cover the surface of the mesophase
spheres, impeding the contact between them and consequently compromising the optical texture of
the mesophase pitch product. Furthermore, the inclusion of asphaltene promotes polymerization
reactions in the system, leading to an increase in the average molecular weight of the mesophase
pitch. Notably, when the amount of asphaltene added is 2%, the mesophase pitch demonstrates
the lowest ID/IG value, indicating superior molecular orientation and larger graphite-like micro-
crystals. Additionally, researchers found that at this asphaltene concentration, the mesophase pitch
exhibits the highest degree of order, as evidenced by the maximum diffraction angle (2θ) and stacking
height (Lc) values, and the minimum d002 value. Moreover, the addition of asphaltene enhances the
yield and aromaticity of the mesophase pitch and significantly improves the thermal stability of the
resulting product.

Keywords: mesophase pitch; FCC slurry; molecular orientation; stability; temperature; pressure;
reaction time; graphite-like microcrystals; asphaltene; softening point

1. Introduction

In petroleum mixtures, the heavy fraction contains a significant amount of macro-
molecular non-hydrocarbon compounds, which are commonly classified as resins and
asphaltenes. However, there is currently no internationally standardized definition or
precise boundary for distinguishing between resins and asphaltenes [1–3]. The small
molecules of n-alkanes that are insoluble in non-polar solvents but soluble in benzene are
generally referred to as asphaltenes, representing the most polar and highest molecular
weight non-hydrocarbon components in petroleum. The choice of organic solvent for
asphaltene separation varies, and therefore, when presenting asphaltene content data, it is
necessary to specify the solvent used, such as n-pentane asphaltene or n-heptane asphaltene.
The amount of precipitated asphaltenes decreases with an increase in the relative molec-
ular weight and solubility of n-alkanes in the asphaltene fraction. Resins, characterized
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by their relatively high polarity and molecular weight, are polydisperse macromolecular
non-hydrocarbon compounds, ranking second only to asphaltenes in terms of polarity and
molecular weight. However, there is no clear demarcation between resins and asphaltenes.
Consequently, the reported data regarding resin content in petroleum may exhibit signifi-
cant variations depending on the analysis methods employed. Chinese researchers have
defined the components obtained by separating saturated and aromatic components from
the n-heptane-soluble fraction of residual oil using alumina liquid chromatography as
resins. In terms of appearance, resins appear as dark brown substances, typically existing
as amorphous solids or viscous liquids. They melt at high temperatures and exhibit a
relative density of approximately 1.0. Asphaltene, on the other hand, is a dark brown
or black amorphous solid that does not melt when subjected to high temperatures. It is
relatively brittle and prone to fracturing into pieces. The relative density of asphaltenes is
also around 1.0, slightly higher than that of resins [4–7].

Due to the abundance of aromatic structures in asphaltene and resin, they exhibit
relatively low hydrogen-to-carbon ratios, with asphaltene having a lower ratio compared
to resin. The hydrogen-to-carbon ratio of resin is generally around 1.4, while for asphaltene,
it ranges approximately between 1.1 and 1.3. Determining the average relative molecular
weight of resin and asphaltene is a challenging task due to the presence of numerous
heteroatoms in their molecular structures. The association between different molecules
leads to the formation of supramolecular structures at various levels. Consequently, data
obtained using different measurement methods can vary significantly. Therefore, it is
crucial to specify the conditions and methods used when providing data on the average
relative molecular weight of resin and asphaltene. Only data obtained using the same
method under equivalent conditions can be considered comparable. The vapor pressure
osmometry (VPO) method, which employs vapor pressure permeation, is commonly used
to measure the average relative molecular weight [8–10]. The basic structure of resin and
asphaltene molecules in petroleum consists of a dense aromatic ring system as the core, with
multiple fused aromatic rings, surrounded by several cycloalkane rings. These aromatic
and cycloalkane rings are attached to various length-variant normal or isomeric side chains.
The molecular branches or ring systems may contain elements such as sulfur (S), nitrogen
(N), and oxygen (O) and trace amounts of metal elements, as shown in Figure 1a [11–13].
This core structure, composed of a fused aromatic ring system, is the fundamental unit of
resin and asphaltene molecules, also referred to as the unit structure or unit sheet. A resin
or asphaltene molecule is composed of several such unit structures connected by methylene
bridges of varying lengths, with oxygen or sulfur present between these bridge structures.
Compared to resin, asphaltene has a higher average relative molecular weight and a higher
level of aromatization. In terms of the number of rings per unit structure, asphaltene
significantly exceeds resin. The resin unit structure contains approximately five aromatic
rings, while the asphaltene unit structure contains around seven to ten aromatic rings.
The aromatic rings in asphaltene primarily undergo peri-condensation, while in resin, both
peri-condensation and kata-condensation occur between aromatic rings [14–16].

Graphite is a well-known hexagonal crystal structure composed of pure carbon. It con-
sists of numerous overlapping layers of carbon atoms arranged in a network formation.
Within each layer, the carbon atoms form regular hexagons, and the interlayer spacing is
approximately 0.335 nm. The X-ray diffraction spectrum of graphite exhibits a sharp (002)
peak at around 26◦, indicating the ordered arrangement of carbon atom layers. In the early
1960s, T.F. Yen discovered that asphaltene, separated from petroleum, also exhibits a (002)
peak at around 26◦ in its X-ray diffraction spectra. This suggests that asphaltene possesses
a similar ordered structure to graphite. In other words, within asphaltene molecules, there
are partially ordered crystalline structures formed by unit sheets with fused aromatic rings
as the core. This ordering arises due to the overlap and synergistic effect of the π electron
clouds of aromatic rings within and between the molecules. However, the presence of
non-planar cycloalkanes and alkyl chains connected to these aromatic ring systems in
asphaltene results in slightly larger interlayer spacing compared to graphite, approximately
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0.36 nm. Figure 1b represents the crystalline structure particles of asphaltene [17–20]. Sci-
entists also utilize the property of petroleum dispersion systems to determine the content
of asphaltene by using a significant amount of low molecular weight n-alkanes to dilute
crude oil or residue. By reducing the aromaticity and viscosity of the dispersion medium,
the solvation layer of the gum in the micelles is disrupted, leading to the formation of
larger aggregates of asphaltene, which then separate and precipitate into a distinct phase.
The basic structure of asphaltene molecules is centered on a polycyclic aromatic ring system
composed of multiple aromatic rings, surrounded by multiple cyclo-alkane rings, aromatic
rings, and alkyl side chains. T.F. Yen proposed the model shown in Figure 1c to represent
this structure [20–23]. However, in the production process of mesophase pitch, asphaltene is
considered a by-product, and many researchers aim to minimize its content. However, if the
content of asphaltene is too low, it is detrimental to the formation of mesophase pitch; but if
the content of asphaltene is too high, it will destroy the optical texture of mesophase pitch,
which is not conducive to being used as a precursor for producing carbon fibers; therefore,
it is important to control the amount of asphaltene in the product. In our research, we plan
to investigate the influence of asphaltene on the formation of mesophase pitch. Initially,
our research group used FCC slurry to synthesize mesophase pitch [24], exploring optimal
conditions such as temperature, pressure, and reaction time. Subsequently, asphaltene
was employed as a co-carbonizing agent, and by varying the amount of asphaltene added,
we continuously screened the reaction conditions to identify the production process of
mesophase pitch with the best reaction efficiency. In this study, we incorporate WFA as an
additive to analyze and discuss its impact on the structure, morphology, thermal properties,
and optical texture of pyrolysis products. The objective of our research is to develop a
co-carbonization agent that enhances the formation of high-quality mesophase pitch.

Figure 1. Cont.
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Figure 1. (a) Basic molecular structure of colloidal asphaltenaceous material; (b) asphaltene-like
particles with a crystalline structure; (c) schematic diagram of the macroscopic structure of asphaltenes.
The straight line indicates the aromatic ring system, and the zigzag line indicates the saturated
structure (containing alkanes and naphthenes). A—grain; B—side chain bundle; C—a particle; D—a
micelle; E—weak bond; F—one hole; G—intramolecular clusters; H—intermolecular cluster; I—gum;
J—a single tablet; K—petroporphyrin; L—metal; M—insoluble component in micelle ; La—average
diameter; Lc—stacking height; dM—interlayer spacing.

2. Results and Discussion
2.1. Determination of Optimal Reaction Conditions
2.1.1. Determination of Reaction Temperature

Based on previous experimental results of the direct thermal condensation polymeriza-
tion reaction of FCC-BL, the temperatures corresponding to the best product performance
were found to be 400 ◦C and 420 ◦C. To validate the most suitable reaction temperature
for the co-carbonization system, the research group opted to utilize asphaltene as the
co-carbonizing agent with an addition amount of 1%, a system pressure of 1 MPa, and
a reaction time of 6 h. The influence of different temperatures (390 ◦C, 400 ◦C, 410 ◦C,
420 ◦C, and 430 ◦C) on the co-carbonization method for preparing mesophase pitch was
investigated, as depicted in Figure S3. In these micrographs, the corresponding part of the
bright area is the anisotropic component, and the proportion of mesophase pitch products
is determined by the ratio of anisotropic textures. From Figure S3, it is evident that different
reaction temperatures have a substantial impact on the content and optical texture of the
mesophase phase. At 390 ◦C and 400 ◦C, the content of the mesophase phase in the product
is relatively low due to the reaction being a free radical reaction. At lower temperatures, the
higher viscosity within the system hinders chain-initiated reactions, thereby significantly
impeding the generation of mesophase phases. With increasing temperature, the propor-
tion of the mesophase pitch shows an upward trend, accompanied by a transformation
of the optical texture from a small flow structure to a large domain structure. At 420 ◦C,
both the content of the mesophase pitch and the optical texture achieve optimal results.
This is attributed to the elevated temperature intensifying the thermal reaction within the
system, leading to abundant generation of free radicals from the decomposition of raw
materials. This, in turn, facilitates further thermal cracking and condensation of the reaction.
Simultaneously, the increased temperature reduces the viscosity of the reactants, promoting
the condensation of aromatic hydrocarbons and the transfer of free radicals, resulting in the
formation of a greater number of planar-fused ring macromolecules. These macromolecules
arrange and stack freely, generating a significant quantity of mesophase pitch microspheres.
These microspheres undergo fusion, growth, and rupture, ultimately forming a wide-
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ranging mesophase pitch asphalt. When the temperature exceeds 420 ◦C, the rates of
thermal cracking and condensation reactions within the system increase significantly, lead-
ing to excessive carbonization of the intermediate products [25–27]. Consequently, the
research group determined 420 ◦C as the optimal co-carbonization reaction temperature.
An increase in temperature will increase the softening point of the product, but at the
same time, it will reduce the yield of the product. Therefore, it is important to control the
experimental temperature reasonably.

2.1.2. Determination of Reaction Time

Based on the previous experimental findings of the direct thermal condensation reac-
tion of FCC-BL, the optimal reaction time was observed to be 6 h at a reaction temperature
of 420 ◦C. In order to explore the most suitable reaction time, the research team decided
to employ 1% asphaltene as a co-carbonizing agent, with a system pressure of 1 MPa and
a reaction temperature of 420 ◦C. The influence of different reaction times (4 h, 5 h, 6 h,
7 h, and 8 h) on the production of mesophase pitch using the co-carbonization method
was investigated. As illustrated in Figure S4, when the reaction was conducted for 4 h, the
proportion of mesophase pitch in the resulting product was relatively low. However, after
5 h of reaction, there was a noticeable increase in the proportion of mesophase pitch. Upon
reaching 6 h of reaction time, the proportion of mesophase pitch exceeded 90%, with the
optical texture predominantly exhibiting a large domain structure. When the reaction time
exceeds 6 h, the optical texture of the mesophase pitch in the product becomes disordered,
and the domain structure significantly deteriorates. The reason is that the system contains
a large number of aromatic structures and chain alkanes, which have high reactivity and
greatly promote thermal cracking reactions. Consequently, the content of aromatic free
radicals is considerably enhanced, thereby facilitating the abundant generation of planar-
fused ring aromatic molecules. These larger molecules undergo directed arrangement
and stacking, ultimately giving rise to the formation of mesophase microspheres. These
microspheres interact, merge, grow, and eventually rupture, leading to the formation of
sheet-like mesophase pitch, which exhibits a flow structure basin-like morphology under
the influence of pressure. However, when the reaction time surpasses the critical thresh-
old, excessive aggregation of intermediate molecules occurs, and the stacking between
molecules tends to assume a disordered state, ultimately resulting in carbonization [28–30].
In light of the aforementioned observations, the research team established a reaction time
of 6 h for their study.

2.1.3. Determination of Reaction Pressure

Based on prior experimental results of the direct thermal polycondensation reaction of
FCC-BL, the system pressure yielding the best experimental outcome was approximately
1 or 2 MPa. To explore the most suitable pressure for the co-carbonization reaction, the
research team employed asphaltene as a co-carbonization agent with a 1% addition rate, a
reaction temperature of 420 ◦C, and a reaction time of 6 h. The impact of different reaction
pressures (0, 0.5 MPa, 1 MPa, 1.5 MPa, and 2 MPa) on the production of mesophase pitch
using the co-carbonization method was investigated. As shown in Figure S5, when the
system pressure is low, a large number of light components will escape from the reaction
system, causing a significant increase in the viscosity between the raw materials, greatly
increasing the degree of polycondensation of the product molecules. The large product
molecules have a serious impact on the optical texture, while the escaping light component
substances inhibit the growth of mesophase pitch, making it tend to be disordered, which
is manifested as a mosaic structure in the product. As the pressure gradually increases,
the morphology of mesophase pitch gradually changes from a mosaic structure to a large-
domain structure. When the pressure is 1.0 MPa, the optical texture of the product is the
best, approaching 100%. However, when the pressure exceeds 1.5 MPa, the optical texture
deteriorates significantly. This is due to the suppression of light component escape at
pressures beyond the critical threshold, hindering the ordered accumulation of condensed
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ring macromolecules and the fusion and growth of mesophase pitch microspheres, ulti-
mately disrupting the ordered structure of the mesophase pitch product. Consequently, the
optical texture of the mesophase pitch product deteriorates. When the pressure reaches
2.0 MPa, excessive pressure impedes the coalescence of mesophase microspheres, resulting
in incomplete development of mesophase pitch [31,32]. Thus, the research team determined
a reaction pressure of 1.0 MPa.

The properties of the modified pitch were analyzed and are presented in Table 1.
The hydrogen–carbon ratio of the product gradually decreases as the proportion of WFA
increases, indicating a transformation of aliphatic structures to aromatic ring structures.
The content of toluene insoluble substance (TI) does not show a discernible pattern of
change, while the content of quinoline insoluble substance (QI) increases progressively.
This can be attributed to the promotion of polymerization reactions within the system
with increasing WFA, resulting in the formation of more quinoline-insoluble substances.
The yield and softening point of the product exhibits significant improvements, which can
be attributed to two factors: firstly, both the carbonization rate of the pitch generated by
WFA and FCC thermal condensation increase, and secondly, the cooperative effect of WFA
and FCC thermal condensation during the co-carbonization process leads to an overall
increase in the softening point and yield of the product. Notably, the ash content remains
unchanged throughout the entire co-carbonization process [33].

Table 1. Basic properties of different modified mesophase pitch.

Sample
Elemental Analysis

(wt%) H/C Ratio
Solubility (wt%)

Yield (%) Softing Point Ash (%)
C H TI QI

MMP-0 89.77 6.86 0.92 23.8 1.3 76.3 243 0.20
MMP-1 90.86 6.27 0.83 30.7 3.2 79.5 267 0.23
MMP-2 91.63 5.59 0.73 29.9 3.7 82.7 289 0.22
MMP-3 92.47 5.23 0.68 35.2 8.6 84.3 307 0.26
MMP-5 94.45 4.68 0.59 40.3 17.8 89.2 344 0.25

2.2. Analysis of Mesophase’s Crystal Structure

The characterization of mesophase pitch’s microcrystalline size and molecular orien-
tation is commonly performed using X-ray diffraction and Raman spectroscopy. Initially,
the optical textures of five sample groups (MMP-0, MMP-1, MMP-2, MMP-3, and MMP-5)
were examined. The specific reference standards for the optical texture of the product can
be found in Table S2. Figure 2 illustrates the optical textures of the five types of mesophase
pitch. From the diagram, it is evident that the presence of anisotropic components is
relatively low when WFA is not added. However, the addition of WFA to the reaction
system significantly influences the optical microstructure of mesophase pitch. Upon the
initial addition of WFA to the reaction system, mesophase pitch gradually exhibits a large
domain and extensively streamlined optical texture. When the WFA addition reaches 2%,
the content of mesophase in the large domain streamlined structure reaches its maximum,
approximately 95%. However, as the WFA content increases further, the content of the
wide-area streamlined mesophase decreases gradually, and a distinct mosaic-like struc-
ture starts to appear on the surface. When the WFA addition reaches 5%, the optical
texture of the mesophase pitch surface becomes severely damaged, with the presence of
anisotropic components almost indiscernible. The surface transforms into a pronounced
mosaic form. Based on this analysis, it can be inferred that the addition of WFA significantly
influences the nucleation, growth, and aggregation of mesophase microspheres. Previous
studies have indicated [34] that WFA acts as a nucleating agent to facilitate the formation
of mesophase microspheres. When a small amount of WFA is added to the system, the
number of nucleation sites in the system decreases, and the number of sites where the
active molecules undergo π-π conjugation and adhere also decreases. Consequently, the
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system contains a higher proportion of highly mobile active molecules, promoting the
growth and aggregation of mesophase microspheres. However, excessive WFA content
leads to its accumulation on the surface of mesophase spheres, impeding their proximity
and fusion, thereby creating a mosaic-like structure. Ultimately, this causes severe damage
to the optical texture of mesophase pitch’s surface.

Figure 2. Optical texture picture of modified mesophase pitch with different WFA content. (a) 0%;
(b) 1%; (c) 2%; (d) 3%; (e) 5%.

Figure 3 presents the XRD and Raman spectra of five types of mesophase pitch [35–39].
The microcrystalline size parameters of the mesophase pitch, calculated using the Bragg
equation and Scheler equation in conjunction with these two characterization methods,
are provided in Table 2. From Figure 3a, it is evident that all five mesophase pitches
exhibit high-intensity carbon (002) diffraction peaks around 2θ = 25◦. This indicates that
these asphalts possess a significant degree of molecular orientation. The intensity order
of the carbon (002) surface diffraction peaks for the five mesophase pitch is as follows:
MMP-0 < MMP-1 < MMP-5 < MMP-3 < MMP-2, with the corresponding 2θ values follow-
ing the order: MMP-0 < MMP-1 < MMP-5 < MMP-3 < MMP-2. Furthermore, by employing
the Bragg equation and Scheler equation, the stacking height (Lc) and molecular spacing
(d002) of the molecular layers were calculated. As the 2θ value increases, the corresponding
Lc value increases while the d002 value decreases, indicating a higher level of orderliness
in the product. Table 2 reveals that with an increase in the proportion of WFA, the (002)
diffraction peak initially shifts towards higher angles and then towards lower angles. This
suggests that the structure of the mesophase pitch first tends towards orderliness and
subsequently transitions to disorderliness. Notably, MMP-2 exhibits the highest 2θ value,
indicating that when the WFA addition reaches 2%, the resulting mesophase pitch attains
the highest degree of orderliness. To summarize, the content of WFA can alter the regularity
of the carbon layer in pyrolysis products. What is more, the orderliness of mesophase
pitch products primarily depends on their distinct molecular chemical compositions and
molecular configurations.

The inclusion of WFA in the system introduces a significant number of aromatic rings
and cycloalkanes. A small amount of WFA addition promotes the development of the
mesophase pitch and increases its content. However, the excessive addition of WFA leads
to an increased number of aromatic cores in polycyclic aromatic hydrocarbons, resulting in
a higher quantity of aromatic nuclei. The structural variations among different aromatic
nuclei reduce the conjugation of the mesophase pitch molecules, leading to inconsistent
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core orientations. Consequently, the planarity of the mesophase pitch molecules decreases,
resulting in an increase in intermolecular interlayer spacing (d002). On the other hand,
despite the unfavorable effect of different aromatic core orientations on molecular stacking,
the molecular structure of WFA contains a substantial number of short-chain alkanes. These
alkanes contribute to enhancing the mobility of MMP molecules, thereby promoting an
increase in the number of molecular stacking layers and the molecular stacking height. This
observation aligns with recent research findings [37]. The presence of higher stacking layers
and heights in the mesophase pitch products is also closely associated with the introduction
of certain short-chain alkanes during the co-carbonization process.

Figure 3. (a) XRD and (b) Raman patterns of the modified mesophase pitch.

Table 2. Microcrystalline parameters of different modified mesophase pitches.

Sample
XRD Raman

2θ/Degree d002/nm Lc/nm N ID/IG

MMP-0 26.003 0.3424 1.910 6.578 1.03
MMP-1 26.216 0.3396 2.008 6.913 0.98
MMP-2 26.380 0.3376 2.228 7.599 0.92
MMP-3 26.277 0.3389 1.973 6.822 1.02
MMP-5 25.919 0.3434 1.881 6.478 1.06

The Raman spectrum of carbon materials exhibits two prominent peaks [37–39]
within the primary spectral range of 1000~2000 cm−1, namely the G peak and the D peak.
The D peak, located around 1360 cm−1, is attributed to lattice defects in graphite, the low
symmetry of carbon structures, and the disordered arrangement of edges. An increase
in structural disorder and a decrease in microcrystalline size contribute to the enhanced
intensity of the D peak. The G peak is located near 1580 cm−1. For mesophase pitch, the
greater the intensity of the D peak, the higher its disorder, and the greater the intensity of
the G peak, the higher its order. The relative intensity ratio of the D and G peaks, denoted
as ID/IG, reflects the quality of molecular orientation and structure. A lower ID/IG value
suggests better molecular orientation and larger graphite-like microcrystals. According
to Table 3, as the proportion of WFA increases, the ID/IG values of the mesophase pitch
products initially decrease and then increase. When the WFA addition reaches 2%, the
ID/IG value is minimized, indicating that the ordered structure of the pyrolysis products
first increases and then decreases. Notably, MMP-2 exhibits the highest degree of struc-
tural order, aligning with the findings from XRD analysis. In conclusion, the appropriate
addition of WFA promotes an increase in the orderliness of the mesophase pitch in the
product. However, excessive amounts of WFA may lead to an elevation in the disorder of
the mesophase pitch.
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Table 3. Proton distribution of the different modified mesophase pitches determined by 1H-NMR
and 13C-NMR analysis.

Sample
1H-NMR (%) 13C-NMR (%)

Har(mono) Har(di) Ha(poly) Har Hα Hβ Hγ Hal Har/Hal Csat Car Car/Csat

MMP-0 6.45 40.65 5.17 52.27 27.53 17.34 2.86 47.73 1.095 14.29 85.71 5.998
MMP-1 6.09 41.28 7.75 55.12 30.68 12.45 1.75 44.88 1.228 13.17 86.83 6.593
MMP-2 6.99 42.98 9.48 59.45 30.61 8.71 1.23 40.55 1.466 11.89 88.11 7.410
MMP-3 4.94 44.18 13.21 62.33 31.88 5.23 0.56 37.67 1.655 9.27 90.73 9.787
MMP-5 4.92 45.52 17.71 68.15 28.92 2.79 0.14 31.85 2.140 7.14 92.86 13.006

2.3. Molecular Structure Analysis of Mesophase Pitch

Fourier-transform infrared (FT-IR) spectroscopy is a commonly used method to pro-
vide functional group information in complex solid materials [40–42]; specific reference
standards can be found in Table S3. In the FT-IR spectrum, specific peaks can be assigned to
various functional groups present in the sample. For instance, the peak around 3040 cm−1

corresponds to the stretching vibration absorption of aromatic C-H bonds, while the peak
near 2950 cm−1 is attributed to the methyl absorption peak of fatty hydrocarbons. Peaks
within the range of 2930–2700 cm−1 represent the stretching vibration absorption of C-H
bonds in fatty hydrocarbons. The absorption peak at 1600 cm−1 is associated with the
stretching vibration of the aromatic skeleton, whereas the peak at 1450 cm−1 corresponds
to the bending vibration absorption of methylene groups in cycloalkane structures and
fatty branch chains. The absorption peak at 1380 cm−1 indicates the bending vibration
of -CH3 groups on the benzene ring, and the peaks at 880–750 cm−1 represent out-of-plane
bending vibrations of aromatic C-H bonds. Notably, the peak at 880 cm−1 corresponds to
an isolated out-of-plane bending vibration of aromatic C-H, while the peak at 750 cm−1

arises from the synergistic effect of four adjacent aromatic C-H bonds. The peaks within
the range of 500–460 cm−1 gradually decrease, and the corresponding characteristic peaks
in this range are caused by the outward bending vibration of the C-H plane of aromatic
rings and substituted aromatic rings containing four adjacent hydrogens. From Figure 4a,
it can be seen that before the addition of WFA, the content of aliphatic side chains in the
mesophase pitch is slightly higher than that after the addition of WFA. Furthermore, with
increasing amounts of WFA, the absorption peak of fatty branch chains in the mesophase
pitch shows minimal variation, whereas the absorption peak of aromatic groups initially
weakens and then strengthens. Upon analyzing the FT-IR spectrum, it could be observed
that MMP consists of planar aromatic molecules with alkyl chain substituents on the aro-
matic ring. The ortho-substitution index (Ios), which indicates the relative size of aromatic
molecules, can be calculated using Formula (2). The aromaticity (fa) of mesophase pitch can
be determined using Formula 3, where A represents the absorption intensity of a specific
peak. According to Figure 4b, as the proportion of WFA increases, the ortho-substitution
index (Ios) of ortho-substituted aromatic rings initially increases and then decreases. Simul-
taneously, the fragrance of the product also increases with the addition of WFA. Based on
these findings, it can be inferred that a small amount of WFA added to the reaction system
can promote the dehydrogenation condensation reaction of small molecule aromatic rings,
thereby facilitating the aromatization reaction. However, excessive amounts of WFA may
restrict the accumulation of smaller planar aromatic molecules and inhibit the formation of
larger planar bitter aromatic molecules.

The graphs displayed in Figure 5 illustrate the thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves of mesophase pitch. From the figure, it can be seen
that the pyrolysis of the product is divided into two stages. The first stage is between
200–570 ◦C, and the five types of mesophase pitch exhibit weight loss starting at approx-
imately 200 ◦C. This reduction in sample mass primarily stems from the evaporation of
light components and volatile substances. As the temperature reaches 380 ◦C, the sample
experiences a continual decrease in mass due to molecular dissociation and dehydrogena-
tion. The second stage is at 570–800 ◦C. Low molecular weight gases (various alkanes)
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are mainly produced through side chain cracking reactions, polymerization reactions, and
aromatization reactions, and the weight loss curves of the five mesophase pitches begin
to stabilize. In the absence of WFA in the reaction system, the carbon yield of mesophase
pitch is minimal. However, with an increasing proportion of WFA, the carbon yield of
mesophase pitch gradually rises. This observation suggests that WFA can enhance the
thermal stability of mesophase pitch. The reason for this phenomenon is that the addition
of WFA can effectively promote the thermal polymerization reaction. Notably, when the
WFA ratio reaches 5%, the carbon yield can reach a substantial value of up to 93%. These
findings provide evidence that an appropriate amount of WFA can stimulate thermal
polymerization reactions [43,44]. For applications requiring improved thermal stability
of the reaction system, it is advisable to explore suitable co-carbonizing agents that fa-
cilitate the transformation of small molecules into planar molecular structures during
thermal decomposition.

Figure 4. (a) FTIR spectra and (b) FTIR structural index parameters of different modified
mesophase pitches.

Figure 5. (a) TG and (b) DTA results of the different modified mesophase pitches.

The MALDI-MS spectrum presented in Figure 6 exhibits a broad distribution of molec-
ular weights for mesophase pitch, ranging from 100 to 3000 m/z. The average molecular
weights of asphaltene, MMP-0, MMP-1, MMP-2, MMP-3, and MMP-5 are determined to
be 343, 392, 446, 540, 587, and 612, respectively. The fluctuations in average molecular
weight suggest that the composition of the five mesophase pitches comprises polycyclic
aromatic hydrocarbon molecules with different numbers of units, typically characterized
by 2–4 hexagonal rings. Polycyclic aromatic hydrocarbon molecules can be categorized
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into monomers (m/z ≈ 200–400), dimers (m/z ≈ 400–700), trimers (m/z ≈ 700–1000), and
tetramers (m/z ≈ 1000–1200) based on the number of aromatic units. In the absence of WFA
in the system, mesophase pitch predominantly consists of monomers, resulting in a lower
average molecular weight. This phenomenon can be attributed to the dealkylation reaction
during thermal polymerization, leading to a reduction in molecular weight. Additionally,
the dealkylation reaction generates a significant number of free radicals, causing a rapid
increase in system viscosity, which hinders the progress of the polymerization reaction.
However, with the introduction of WFA, the average molecular weight of mesophase pitch
gradually increases. This effect arises from the synergistic interaction between the two
raw materials during co-carbonization. Specifically, the abundant cycloalkane structure in
the molecular composition of WFA reduces the dealkylation reaction rate during FCC-BL
pyrolysis. Moreover, it collaborates with the rich concentration of short fatty hydrocarbon
components in FCC-BL, collectively reducing the viscosity of the reaction system. Conse-
quently, this facilitates the polymerization reaction of the raw material molecules during
the thermal treatment process. Based on the aforementioned details, it can be deduced
that the components generated from WFA pyrolysis promote the formation of large poly-
cyclic aromatic molecules through the cross-linking of aromatic units [45,46]. As a result,
the molecular weight of these anisotropic components progressively increases with the
augmentation of WFA addition.

Figure 6. MALDI-TOF MS spectra of the different modified mesophase pitches.

2.4. 1H-NMR Analysis and 13C-NMR Analysis
1H-NMR analysis and 13C-NMR analysis are indispensable techniques employed for

determining the relative proportions of hydrogen and carbon in the aliphatic and aromatic
constituents of diverse mesophase samples [47,48]. Specific reference standards can be
found in Table S4. Table 3 provides a comprehensive summary of the hydrogen and carbon
atom contents in intermediate-phase pitch samples prepared using varying amounts of
WFA as a co-carbonizing agent. The aliphatic protons encompass Hα, Hβ, and Hr while
the aromatic protons encompass monoaromatic, biaromatic, and polyaromatic protons.
The chemical shifts of aromatic protons in 1H-NMR spectroscopy lie within the range
of 6.0 to 9.0 ppm. Among these, monoaromatic protons (Har(mono)) exhibit chemical shifts
in the range of 6.0 to 7.1 ppm, biaromatic protons (Har(di)) exhibit chemical shifts in the

133



Molecules 2024, 29, 1500

range of 7.1 to 8.2 ppm, and polyaromatic protons (Har(poly)) exhibit chemical shifts in
the range of 8.2 to 9.0 ppm. The chemical shifts of aliphatic protons (Hal) predominantly
concentrate in the range of 0.5 to 4.5 ppm. Specifically, the chemical shift of Hα lies within
the range of 2.1 to 4.5 ppm, that of Hβ lies within 1.1 to 2.1 ppm, and that of Hr lies
within 0.5 to 1.1 ppm. In 13C-NMR spectroscopy, the chemical shift of saturated carbon
(Csat) is observed at 5 to 50 ppm, while aromatic carbon (Car) exhibits a chemical shift
of 100 to 160 ppm.

The data of the 1H-NMR spectrum reveal that the addition of WFA leads to an increase
in the ratio of Har and a decrease in the ratio of Hal. This observation suggests that the
co-carbonization reaction facilitates the conversion of linear aliphatic chains into bridged
structures. The predominant reaction in this co-carbonization process is the cyclization
reaction, which involves a dehydrogenation polymerization step that generates hydro-
genated aromatic hydrocarbon structures. These structures subsequently undergo rapid
conversion into aromatic hydrocarbons. In the reaction system, if the content of Hα is
higher than that of Hβ and Hr, this indicates that the majority of alkyl groups are connected
to the aromatic ring in the form of methylene. The presence of alkyl groups promotes
catalytic cracking and the formation of more aromatic hydrocarbons, thereby enhancing
the performance of the mesophase pitch. With increasing WFA content, the proportion of
Hβ and Hr decreases, primarily due to the occurrence of cracking reactions at the β and r
positions of the fatty chain under high-temperature conditions. Similarly, an increase in
the hydrogen aromaticity index signifies the higher content of aromatic hydrogen in the
prepared mesophase structure. The 13C-NMR data also demonstrate that the mesophase
pitch prepared with WFA exhibits higher content of aromatic carbon compared to the pitch
prepared without WFA.

The data presented in Table 3 demonstrate that the carbon aromaticity (Car/Csat) is
higher compared to the hydrogen aromaticity (Har/Hal), suggesting that the formation
of condensed aromatic structures involves dehydrogenation, condensation, and polymer-
ization reactions. In conclusion, the condensation and polymerization reactions occurring
during the co-carbonization process entail the removal of hydrogen, leading to the genera-
tion of high molecular weight aromatic polymers.

2.5. Morphology and Structure of Final Co-carbonization Products at High Temperature (SEM)

The SEM images in Figure 7 depict the morphology and structure of the pyrolysis
products obtained from FCC-BL with varying amounts of added WFA. Figure 7a reveals
that in the absence of WFA, the surface of the product mesophase pitch exhibits numerous
granular impurities. At this time, the granular impurities mainly include unmelted inter-
mediate phases and quinoline-insoluble substances. However, in Figure 7b, the addition
of 1% WFA leads to a significant reduction in the number of granular impurities and the
development of a small flow structure is noticeably improved compared to the system
without WFA. Figure 7c demonstrates that with a WFA addition of 2%, almost all the gran-
ular impurities on the pyrolysis product surface disappear, resulting in a complete layered
structure. On the other hand, Figure 7d shows that at WFA content of 3%, substantial accu-
mulation of impurities occurs on the pyrolysis product surface and the main component of
impurities at this time is quinoline insoluble substances, leading to a significant impact on
the layered structure. Finally, in Figure 7e, it is evident that when the WFA content reaches
5%, the pyrolysis product surface is nearly entirely covered by impurities, resulting in the
almost complete disappearance or coverage of the layered structure [49–52].

In conclusion, the observed variations in microstructure are strongly correlated with
the pyrolysis and carbonization processes. The addition of WFA facilitates the nucleation
and growth of the mesophase pitch, thereby enhancing aromaticity. However, when the
WFA content surpasses a critical threshold, it has the potential to aggregate on the surface
of pyrolysis products or mesophase microspheres, impeding their mutual approach and
fusion. This phenomenon ultimately leads to the formation of a mosaic structure.
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Figure 7. SEM images of different modified mesophase pitches with different WFA content. (a) 0%;
(b) 1%; (c) 2%; (d) 3%; (e) 5%.

2.6. Experimental Mechanism

In general, the thermal decomposition of polycyclic aromatic hydrocarbons in the
liquid phase can be divided into two stages: an initial thermal decomposition reaction and
a subsequent thermal polymerization reaction. Peng et al. [53], in their study of n-butyl
benzene under high-pressure conditions, found that styrene was the main product during
the early stage of the reaction. The formation of styrene was attributed to the cleavage of
the C2-C3 bond in the alkyl substituent, followed by rapid capture of hydrogen radicals to
form styrene ethane, as depicted in Figure 8a. Savage investigated the pyrolysis mechanism
of dodecyl pyrene and observed that the formation of the major product, ethyl pyrene,
occurred through the removal of α-H free radicals at the C position by n-decane radicals,
leading to the formation of α-C free radicals. Subsequently, the α-C free radicals underwent
C2-C3 bond cleavage to yield vinyl pyrene. Based on their research, the dissociation energies
were determined to be 375 kJ/mol, 428.4 kJ/mol, and 458.2 kJ/mol for benzyl, alkyl, and
phenyl groups, respectively. This conclusion suggests that benzyl radicals, namely α-C
free radicals, are more readily formed in aromatic compounds. Thus, it is widely accepted
that the formation of α-C free radicals on alkyl side chains plays a significant role in the
decomposition reactions of aromatic compounds containing long alkyl chains.

Figure 8. (a) The preliminary thermal decomposition reaction; (b) intramolecular condensation
reaction; (c) condensation reaction between adjacent molecules. This includes: (i) Condensation
reaction between adjacent molecules involving alkyl side chains. (ii)Thermal condensation reaction
between adjacent molecules involving aromatic nuclei.
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The main reaction of polycyclic aromatic hydrocarbons under medium temperature
liquid phase cracking reaction conditions is condensation reaction. Based on the molecular
structure of the reactants involved in the condensation reaction, condensation reactions
can be roughly divided into the following types [54,55]: (1) intramolecular condensation
reaction; for example, the conversion of n-butyl benzene to naphthalene or the formation
of polycyclic aromatic hydrocarbons generally occurs on the -CH2-CH2- chain between
two aromatic rings, as shown in Figure 8b. (2) Intermolecular condensation reactions; the
intermolecular condensation reaction includes: the condensation reaction between adjacent
molecules of alkyl side chains, as well as the thermal condensation reaction between
adjacent molecules of aromatic nuclei, as shown in Figure 8c. The above different types
of condensation reactions can be carried out in different ionization forms to obtain higher
molecular weight polycyclic aromatic hydrocarbons.

The reaction mechanism employed in this experiment exhibits similarities to the
Figure 8a mechanism in the initial stages, involving the generation of α-C free radicals
on aromatic compounds within the system. In the later stages, the mechanism resembles
the Figure 8b,c mechanisms, whereby the alkane moieties attached to the aromatic nuclei
in aromatic compounds approach each other. During the polymerization process, these
moieties, owing to their high electronegativity, engage in intramolecular or intermolecular
cross-coupling reactions, leading to the formation of additional aromatic ring-containing
molecules. This observation aligns with the conclusions drawn from the FT-IR characteriza-
tion mentioned earlier.

The co-carbonizing agent asphaltene contains rich cyclic alkyl structures and long
alkyl side chains, significantly reducing the viscosity of the reaction system, improving the
flow-ability of the raw materials, increasing the probability of contact between raw material
molecules, promoting the ordered stacking of planar aromatic macromolecules, and the
subsequent fusion and growth of mesophase pitch microsphere, ultimately forming a large
domain texture of mesophase pitch; In addition, asphaltene exhibits excellent reactivity
during the reaction process, promoting the thermal reaction of the raw materials, leading
to the generation of more free radicals in the reaction system, promoting the condensation
of aromatic molecules, and facilitating the formation of mesophase pitch.

3. Experiment
3.1. Determination of Element Content

The carbon, hydrogen, nitrogen, and sulfur elements in the sample were quantified
using a German elemental analyzer (Elementar vario EL III). The analyzer employs the
difference subtraction method to calculate the oxygen element content.

3.2. Determination of Ash Content

We determined the ash content of the sample. We weighed the clean porcelain crucible
and recorded it as m0. Then, we placed 2.5 g of the sample into a crucible and weighed it,
denoted as m1. We rolled the quantitative filter paper into a conical shape, cut a section
about 5 mm away from the tip, and then placed it into the crucible as the ignition core.
After soaking the filter paper in the sample, we ignited and burned it until the sample
stopped burning and there was no smoke. There was a shiny black substance remaining
in the crucible, which is called residual carbon. We placed the crucible with the residue
in a muffle furnace and burned it at 775 ± 25 ◦C for 1.5–2 h until the residue inside the
crucible completely burned into white or grayish white powder. We cooled the crucible in
air for 3 min before placing it in a dryer and weighing it to a constant weight, recorded as
m2. The ash content of the sample was calculated by Formula (1):

Ash content =
m2 − m0

m1 − m0
× 100% (1)
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3.3. Determination of Four Components

The four components of the oil slurry were determined using the IATROSCAN MK-6s
TLC-FID thin-layer chromatograph from Shanghai branch of Japan’s Yatelon Company.. A
microinjector was used to point the sample on the chromatographic rod. The three devel-
oping agents were n-hexane, toluene, dichloromethane, and methanol (volume ratio 95:5),
with solvent heights of 100 mm, 55 mm, and 25 mm, respectively. After unfolding the
solution on the chromatographic rod, we placed the rod in a thin-layer chromatograph for
detection and used the software provided by TLC-FID to analyze and calculate the content
of aromatics, saturates, resins, and asphaltenes.

3.4. Infrared Spectroscopy Analysis (FT-IR)

The sample was subjected to infrared spectroscopy analysis using a Nicolet Mag-
ana IR500 infrared spectrometer (NICOLET Company, Wisconsin, USA). This technique
provided information about the types of functional groups present in the test sample.
The sample was compressed with KBr to form a pellet, and the spectral scanning range
was set at 400–4000 cm−1. The ortho-substitution index (Ios), which represents the relative
size of aromatic molecules, was calculated according to Formula (2). The aromaticity (fa) of
the mesophase pitches was determined using Formula (3):

Ios =
Ab750

Ab750 + Ab815 + Ab880
(2)

f a =
0.574Ab1600

Ab1600 + 0.16Ab1460 + 0.23Ab1330
+ 0.024 (3)

Among them, Ab750, Ab815, Ab880, Ab1330, Ab1460, and Ab1600 are the absorption
intensities of the absorption peaks at 750, 815, 880, 1330, and 1460 cm−1, respectively.

3.5. Nuclear Magnetic Resonance Hydrogen Spectroscopy (1H-NMR) and Carbon Spectroscopy
(13C-NMR) Analysis

Nuclear magnetic resonance (NMR) analysis of asphaltene and its co-carbonization
products is an important analytical method. In NMR analysis, the chemical shifts of carbon
and hydrogen atoms in different environments and positions vary. NMR provides clear
structural parameters of asphaltene, allowing for the deduction of its molecular structure.
The B-L method, based on hydrogen NMR spectroscopy, is used to calculate the structural
parameters of asphaltene. The instrument utilized in this section is the Ascend 600 nuclear
magnetic resonance spectrometer from Beijing branch of Switzerland’s Bruker Company.
Deuterated chloroform (CDCl3) served as the deuterated solvent. The sample was prepared
by dissolving 100 mg of the sample in 2.0 mL of deuterated chloroform. The hydrogen
spectrum was scanned 128 times, while the carbon spectrum was scanned 512 times.
An AVANCE III 400 MHz nuclear magnetic resonance spectrometer(Bruker Company,
Switzerland) was employed for NMR analysis of the sample, providing information on the
sample’s structural composition. Deuterated chloroform was used as the solvent, and the
B-L method was employed for structural analysis.

3.6. Determination of Softening Point

The determination of the softening point follows the global method outlined in the
GB/T4507-2014 standard. Methyl silicone oil was chosen as the heating medium. The
sample was initially ground and then heated until it reached a flowable state. Simultane-
ously, the copper ring was preheated and placed on a flat metal plate. The sample was
then poured into two copper rings, slightly above the plane of the copper ring. After
solidification, any excess sample was scraped off from the top of the copper ring to ensure
a smooth surface. The copper ring was positioned for testing, and each sample underwent
two parallel experiments. The final experimental results were averaged. If the sample’s
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softening point exceeds 180 ◦C, the DMA Q800 dynamic mechanical thermal analyzer can
be used for measurement.

3.7. Determination of Quinoline Insoluble Content and Toluene Insoluble Substance

The sample was pulverized and subjected to a drying process at 60 ◦C for 12 h.
A quantity of 1 g of the sample was carefully weighed and enclosed in filter paper, followed
by placement in a Soxhlet extractor. Initially, extraction was performed using toluene
as the solvent at a temperature of 130 ◦C. Extraction continued with quinoline as the
solvent at 110 ◦C until the reflux solution within the extractor became colorless, indicating
completion of the extraction process. Subsequently, the solvent was eliminated from the
extracted solution through distillation. The resulting mixture, together with the filter paper,
was introduced into a vacuum drying oven and subjected to a drying period of 2 h at 100 ◦C.
Each component was then accurately weighed, leading to the determination of the final
content. The processing method for measuring and calculating toluene insoluble matter is
as follows: Following the aforementioned treatment method, place the mesophase pitch
sample in a filter paper cylinder, and then place the filter paper cylinder in a Soxhlet
extraction apparatus and extract with toluene. After extraction is complete, the remaining
pitch in the filter paper cylinder is the toluene-insoluble component, and parallel samples
were measured for each group of samples, and the average value was taken.

3.8. Polarization Microscope Characterization

The optical texture of the sample was examined using an LV100N POL polarizing
microscope, manufactured by the Nikon Corporation of Tokyo, Japan. The process in-
volved mixing epoxy resin A adhesive and B adhesive in a specific ratio, which was then
poured into a mold and combined with the sample before being subjected to heat treat-
ment for solidification. The polishing procedure was conducted using an MP-2B fully
automated polishing machine, produced by Fujian Testing Instrument and Equipment
(Xiamen, China) Co., Ltd. Initially, polishing was performed using 300–5000 mesh sandpa-
per, followed by a polishing step with 10,000 mesh polishing paste to achieve a mirror-like
finish on the specimen. Subsequently, the optical texture of the sample was examined under
the polarization microscope at various magnifications. Among them, the area correspond-
ing to the reflection and brightness of the sample under microscope observation is the
anisotropic textures, which is the mesophase pitch; the dark areas are disordered isotropic
asphalt. We imported the captured optical morphology image into ImageJ software and
calculated the number of mesophase pitch pixels and the approximate proportion of the
total number of pixels in the image. The result obtained is the mesophase pitch content
corresponding to this section, which is then converted into volume content to obtain the
mesophase pitch content of the asphalt sample corresponding to this stage.

3.9. X-ray Diffraction Analysis (XRD)

The crystal structure of the sample was determined using a D/max2550VB/PC X-ray
diffractometer. The testing process employed a Cu target with a wavelength (λ) of 0.15406
nm and covered an angular range of 5–75◦. The microcrystalline parameters, such as
those shown in Formulas (2)–(4), were calculated utilizing the Scheler equation and the
Bragg equation:

d002 =
λ

2sinθ002
(4)

Lc =
Kλ

β002cosθ002
(5)

N =
Lc

d002
+ 1 (6)

Herein, θ002 represents the diffraction angle of the (002) crystal plane, while d002
denotes the interlayer spacing of graphite, measured in nm. The parameter K is a constant
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associated with the shape of the crystalline grains, typically set as K = 0.94. Lc refers to
the average thickness of the crystal’s stacked layers, measured in nm. β002 represents the
half-peak width of the (002) peak, measured in radians. Lastly, N signifies the average
number of layers in the graphite microcrystalline structure.

3.10. Time-of-Flight Mass Spectrometry (TOF-MS)

Asphaltene exhibits a wide distribution of molecular weights. Analyzing the average
molecular weight and distribution of asphaltene and its co-carbonization products allows
for the determination of the peak molecular weight present in asphaltene, thereby aiding
in the elucidation of its average molecular structure. The instrument utilized in this study
is the 4800 plus time-of-flight mass spectrometer, manufactured by ABS Company in
Singapore. This instrument was employed to analyze samples of asphaltene and modified
mesophase pitch to investigate their molecular characteristics.

3.11. Thermogravimetric Analysis (TG) and Differential Thermal Analysis (DTG)

The thermal weight loss behavior of the sample was investigated using a TGA 8000
thermogravimetric analyzer manufactured from Shanghai branch of Perkin-Elmer Com-
pany in the USA. The experimental measurements were performed under a controlled
nitrogen atmosphere, with the temperature ramped up from ambient conditions to 800 ◦C
at a constant heating rate of 10 ◦C/min. By meticulously recording the alterations in sample
mass as a function of temperature, both the weight loss curve and weight loss rate curve of
the sample were obtained.

3.12. Scanning Electron Microscope (SEM) Characterization

The surface topography of modified mesophase pitch samples (MMP-0, MMP-1,
MMP-2, MMP-3, and MMP-5) was examined using the FEI Quanta 200FEG field emission
environmental scanning electron microscope manufactured by Philips. This instrument,
with a resolution of 6.0 nm, an acceleration voltage range of 20–25 KV, and adjustable
magnification from 100,000 to 200,000 times, allowed for detailed observation of the sam-
ple’s surface morphology. Additionally, the JEOL S4800 scanning electron microscope was
utilized to explore the microstructure of the mentioned materials.

3.13. Raman Spectroscopy Analysis

The microcrystalline content and arrangement of carbon layers in the sample were
characterized using the DXR3xi Raman Imaging Microscope of The East China University
of Science and Technology. The main parameters of the instrument are as follows: laser:
785 nm; laser excitation: 50–3500 cm−1; 10× objective; and exposure time: 1.0 s. The de-
termination of microcrystalline content and carbon layer arrangement primarily relies
on the ratio between the D-band, located near 1350 cm−1, and the G-band, positioned at
1625 cm−1. ID/IG is the ratio of the intensities of the D and G peaks in the Raman spectrum.

4. Materials and Methods
4.1. Materials

The FCC slurry utilized in this study was obtained from the Baling Petrochemical
Plant [24] (in the following text, the FCC slurry will be abbreviated as “FCC BL”). Prior to
experimentation, the FCC slurry underwent a deasphaltene treatment process, resulting in
a treated FCC-BL sample with an asphaltene content of less than 0.5%. The performance
characteristics of the FCC-BL sample are depicted in Table 4. The research team conducted
direct thermal condensation treatment on the FCC slurry and analyzed the properties of the
mesophase pitch products. The findings revealed that the optimal conditions for producing
mesophase pitch from FCC-BL were a temperature range of 400 ◦C to 420 ◦C, a pressure
range of 1 to 2 MPa, and a reaction time between 4 to 8 h. Some other physical properties
of FCC-BL are referred to in Table S1.
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Table 4. Basic properties of the experimental materials.

Material
Elemental Analysis (wt%)

H/C Ratio
Solubility (wt%)

Softing Point Ash (wt%)
C H N O S TI QI

FCC-BL 90.55 7.66 1.02 0.32 0.45 1.02 <0.1 <0.1 20 0.02
WFA 86.20 8.46 1.21 1.80 2.33 1.18 22.5 1.6 145 0.53

TI: Toluene insoluble substance; QI: quinoline insoluble substance.

4.2. Obtaining Co-Carbonizing Agents

A supercritical fluid extraction and fractionation experimental device was employed to
separate asphaltene, as illustrated in Figure S1. The experimental setup involved utilizing
500 g of Tahe crude oil as the raw material and n-hexane as the solvent. The extraction and
fractionation tower was operated with controlled temperatures, where the top temperature
was maintained at approximately 240 ◦C, with the upper part of the tower at 230 ◦C, the
lower part at 220 ◦C, and the bottom at 210 ◦C. Each experimental run involved injecting
500 g to 1000 g of the sample, with a pressure range of 2.0 to 10.0 MPa and a linear
pressure increase rate ranging from 0.25 to 2.50 MPa/min. The solvent circulation rate
was set between 50 and 150 mL/min. The entire process was conducted under constant
pressure conditions, and the final product, asphaltene, was obtained at the specified nozzle.
The properties of the obtained asphaltene are summarized in Table 4.

4.3. Preparation of Modified Pitch

Upon discharge from the experimental apparatus, the asphaltene appears as a dense
black solid. Initially, the asphaltene was subjected to a drying process at room temperature
for a minimum of 6 h. Subsequently, the asphaltene was pulverized into a powdered
form. Different proportions of asphaltene (0%, 1%, 2%, 3%, and 5%) were then mixed
with 50 g of FCC slurry. The mixture was heated to various temperatures (ranging from
400 to 420 ◦C) and exposed to different reaction times (4 to 8 h) and reaction pressures
(ranging from 0 to 2 MPa). The rotational speed of the reaction was maintained between
300 and 500 rad/min. Throughout the reaction, it was necessary to periodically vent the
generated gases resulting from the heating process to maintain a constant gas pressure.
Once the reaction was complete, the temperature inside the reaction vessel was allowed to
naturally cool to room temperature. Subsequently, the co-carbonization reaction products
were extracted and subjected to characterization analysis. A picture of the reaction vessel
is shown in Figure S2. These samples are designated as MMP-X, where X represents the
percentage of asphaltene used and MMP stands for modified mesophase pitch. The reaction
mechanism of this experiment is shown in Figure 9 [56,57].

Figure 9. The schematic drawing of the influential mechanism of WFA and FCC-BL in pyrolysis and
carbonization.

5. Conclusions

This study presents a methodology for effectively reutilizing asphaltene and produc-
ing high-quality mesophase pitch. The research group employed asphaltene as a modifying
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agent and utilized co-carbonization techniques to synthesize mesophase pitch. The addition
of asphaltene had a discernible impact on the nucleation of the mesophase, resulting in
an increase in the formation of mesophase small spheres. Moreover, the introduction of
asphaltene during the carbonization process led to an augmentation of alkyl and aromatic
hydrocarbons, thereby facilitating the formation of mesophase and enhancing both the
quantity and quality of the resulting asphalt. Under specific conditions including a tem-
perature of 420 ◦C, a pressure of 1 MPa, and a reaction time of 6 h, a mesophase pitch
with a satisfactory softening point, broad and extensive texture, high product yield, and
well-defined carbon layer structure could be obtained when asphaltene was added at a
concentration of 2%. The addition of a small amount of asphaltene was found to facilitate
mesophase transformation and improve the degree of optical anisotropy. The presence of a
higher number of naphthenic structures in asphaltene exerted a more pronounced hydro-
gen transfer effect, promoting the generation of mesophase small spheres and the formation
of wide-area mesophase pitch. Nevertheless, when the asphaltene content surpassed a
certain threshold, it tended to cover the surface of mesophase small spheres, impeding
their contact and compromising the optical texture of the resultant mesophase pitch prod-
ucts. Additionally, asphaltene contributed to the enhancement of polymerization reactions
within the system, leading to an increased average molecular weight of the mesophase
pitch. The addition of 2% asphaltene resulted in the minimum ID/IG value for mesophase
pitch, indicating superior molecular orientation and larger graphite-like microcrystal size.
Furthermore, it was observed that the maximum θ and Lc values and the minimum d002
value were achieved when 2% asphaltene was added, suggesting the highest degree of
order in the mesophase pitch. The inclusion of asphaltene also elevated the yield and
aromaticity of the mesophase pitch, while significantly improving its thermal stability.
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Abstract: The hydrolysis and biotransformation of lignocellulose, i.e., biorefinery, can provide human
beings with biofuels, bio-based chemicals, and materials, and is an important technology to solve
the fossil energy crisis and promote global sustainable development. Biorefinery involves steps such
as pretreatment, saccharification, and fermentation, and researchers have developed a variety of
biorefinery strategies to optimize the process and reduce process costs in recent years. Lignocellulosic
hydrolysates are platforms that connect the saccharification process and downstream fermentation.
The hydrolysate composition is closely related to biomass raw materials, the pretreatment process,
and the choice of biorefining strategies, and provides not only nutrients but also possible inhibitors for
downstream fermentation. In this review, we summarized the effects of each stage of lignocellulosic
biorefinery on nutrients and possible inhibitors, analyzed the huge differences in nutrient retention
and inhibitor generation among various biorefinery strategies, and emphasized that all steps in
lignocellulose biorefinery need to be considered comprehensively to achieve maximum nutrient
retention and optimal control of inhibitors at low cost, to provide a reference for the development of
biomass energy and chemicals.

Keywords: lignocellulose; cellulase; biorefinery; hydrolysate; fermentable sugar; fermentation in-
hibitor; pretreatment; saccharification; cellulosome

1. Introduction

Lignocellulosic biomass (LCB), as one of the most abundant renewable resources in
the world, plays an increasingly important role in the circular economy and sustainable
development, thus attracting great attention in various research areas. These studies are
dedicated to developing techniques in the bioconversion process known as biorefinery
which converts lignocellulosic substrates into products such as biofuels, bioplastics, bio-
based chemicals, and bio-gases, to substitute non-renewable fossil-based fuels partially
or completely [1–4]. The biorefinery processes of lignocellulosic biomass can be classified
into two groups based on conversion approaches and intermediate products (platform
molecules). One is the thermochemical conversion process involving pyrolysis which con-
verts biomass into hydrogen and carbon monoxide (the syngas platform) and downstream
chemical conversion or biological fermentation which synthesizes various downstream
products [5]. The other is the biochemical or biological process that converts lignocellulosic
biomass into sugars (the sugar platform) for subsequent conversion. Many studies and
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recent advances in thermochemical conversion processes have been reported and sum-
marized [6–9]. In this review article, we will mainly focus on the strategies related to
lignocellulosic biorefinery via the sugar platform.

Cellulose and hemicellulose are major polysaccharides in lignocellulose. In the pro-
cess via the sugar platform, these carbohydrate polymers are enzymatically hydrolyzed
and release fermentable sugars such as monosaccharides or oligosaccharides, generating
lignocellulosic hydrolysate (sugar solution), which can be further utilized by microbes [10].
Lignocellulosic biomass is a tightly interwoven matrix, and pretreatment is a required step
for breaking this highly complex structure with a recalcitrant nature by various chemical,
physical, physicochemical, and biological methods [11]. Then, the saccharification of cel-
lulose and hemicellulose polymers is achieved by enzymatic hydrolysis with cellulases
and hemicellulases [12,13]. In addition to cellulose and hemicellulose, lignin is also one
major component of lignocellulose, as a network phenolic polymer providing structural
reinforcement and resilience [14]. Moreover, other substances such as small amounts of
pectins, cutins, waxes, lipids, tannins, terpenes, alkaloids, and resins are also found in
lignocellulosic biomass, and they vary significantly with the species [15,16]. These struc-
tural constitutes can be retained in the lignocellulosic hydrolysate with varying degrees in
different biorefinery strategies and processes. Most pretreatment processes are accompa-
nied by complex physical and chemical changes, and all lignocellulosic compositions may
undergo chemical reactions and produce new compounds that are potentially present in the
lignocellulosic hydrolysate [17–19]. Therefore, the chemical composition of lignocellulosic
hydrolysate is often complex and heterogeneous (Figure 1).
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Lignocellulosic hydrolysate is typically used for further microbial fermentation to
produce the final biofuels and bio-based chemicals, but the relatively low price of the end
products makes it economically impractical to separate and purify fermentable sugars from
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lignocellulosic hydrolysate. Therefore, it is crucial that we understand the various chemical
compositions (including the nutrients and inhibitors) of the lignocellulosic hydrolysate
and their impact on the subsequent fermentation step in depth for the development of
economically feasible biorefinery strategies.

In the downstream fermentation process of biorefinery, the nutritional requirements
for fermenting microbes include carbon sources, nitrogen sources, trace elements, and other
essential nutrients. In most studies, lignocellulosic hydrolysates are used as carbon sources,
and whether hexoses (such as glucose) or pentoses (such as xylose) in the hydrolysates
can be fully utilized by microbes or not will be taken into account [20] and determine the
sugar conversion rate. In fact, due to the complex structural components of lignocellulosic
materials themselves and the complexity of the pretreatment and saccharification processes,
not only carbon sources but also many other complex components are contained in lignocel-
lulosic hydrolysates. For example, nitrogen sources are necessary for microbial growth and
often present in the lignocellulosic hydrolysate. The raw materials themselves, especially
those agricultural wastes, naturally contain certain amounts of nitrogen, such as proteins,
amino acids, and other nitrogen compounds [15,16,21]. These nitrogen compounds may
be retained during certain pretreatment and saccharification processes and, ultimately,
remain in lignocellulosic hydrolysates. Furthermore, if ammonia or nitrates are added
during the pretreatment or saccharification in some process designs, they may also remain
in the lignocellulosic hydrolysates with higher concentrations than the amount of nitrogen
possibly required for downstream fermentation [22,23]. Other minor but essential nutrients
such as phosphorus, calcium, magnesium, and iron also have significant impacts on growth
and production, and all their contents in the lignocellulosic hydrolysates depend on the raw
materials, pretreatment methods, and saccharification strategies [24]. Their amounts might
directly meet the needs of downstream fermentation production [25,26], be insufficient and
require supplementation, or be excessive and have inhibiting effects [27]. Additionally, in
some pretreatment and saccharification strategies, especially those whole-cell-based saccha-
rification processes, amino acids, organic acids, vitamins, and other biostimulants might
be produced. Although the content of these substances is low, they may have significant
impacts on the downstream fermentation process [28].

Nutrients and inhibitory compounds in lignocellulosic hydrolysates are highly depen-
dent on the composition of the raw material, and the methods, strategies, and technologies
used in specific pretreatment and saccharification processes [19,29–34]. The pretreatment
process aims to open the recalcitrant structure of lignocellulose and separate different com-
ponents as much as possible for subsequent performance [35]. There are many pretreatment
methods, including physical (grinding, microwave, ultrasonic, and pyrolysis), chemical
(acid, alkali, ozonolysis, organic solvents, and ionic liquids), physicochemical (hot water,
steam explosion, ammonia fiber explosion, wet oxidation, and carbon dioxide blasting), bi-
ological, and their combinations [36]. While the dense structure of lignocellulose is broken,
different pretreatment processes may involve some additional chemical reactions because
of the chemical reagents added, high temperature, and high pressure, and some byproducts
may be inhibitors for the subsequent saccharification or fermentation [37,38]. For exam-
ple, some lignin-derived phenolics may be released or converted into more toxic forms
during the pretreatment and saccharification, disrupting the integrity of the microbial cell
membranes, interacting with or changing the structure of the enzyme’s active sites, thereby
inhibiting the enzyme activities [39]. In addition, sugar degradation products (such as
furfural) produced during the pretreatment process may directly inhibit enzyme functions
and affect the efficiency of the saccharification process [32]. After pretreatment, biomass
materials often undergo the washing step for detoxification, but this will significantly
increase the cost of pretreatment and the burden of wastewater treatment, so strategies for
biomass pretreatment need to be considered comprehensively by combining subsequent
saccharification and fermentation processes.

The saccharification process is a key step in biorefinery for producing fermentable
sugars. Various saccharification strategies have been developed based on the techno-
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economic feasibility and difficulty level in implementation. Based on the source of the
enzymes used, current saccharification strategies can be divided into off-site and on-
site approaches [40]. In the off-site approach, separately produced cellulases are used
to convert pretreated lignocellulose into fermentable sugars by enzymatic hydrolysis,
such as simultaneous saccharification and fermentation (SSF) which is currently used
in the majority of pilot-scale demonstrations and industrial plants. Only enzymes with
buffers are usually added in the off-site saccharification approach, and monosaccharides
and oligosaccharides are produced, along with other nutrients and inhibitors generated
mainly from raw materials and pretreatment processes [41,42]. In the on-site approach, the
enzyme production is integrated with the saccharification process in one system, which can
significantly reduce the cost of enzyme production and separation, such as consolidated
bioprocessing (CBP) and consolidated bio-saccharification (CBS) [40]. Since enzymes are
produced directly by microorganisms for saccharification in the on-site approach, metabolic
products and partial cell lysates from the enzyme-producing microorganisms are often
contained in the resulting lignocellulosic hydrolysate. They can serve as nutrients or
inhibitors for downstream fermentation. For example, organic acids may be accumulated
by metabolic activities of microorganisms during enzyme production, lead to changes in the
pH of the medium, or have toxic effects on the microorganisms, thus affecting the growth
of microorganisms and the efficiency of the downstream biorefinery process [39,43–46].

In summary, lignocellulosic hydrolysates contain carbon sources and other nutrients,
as well as various inhibitors. The composition and concentration are closely dependent
on the lignocellulosic raw material types, pretreatment processes, and saccharification
strategies and processes. This article aims to explore the key stages in the biorefinery
process of lignocellulose, summarize how various factors in the biomass, pretreatment,
saccharification, and fermentation steps affect nutrient supply and inhibitor formation, and
offer new insights for designing lignocellulosic biorefinery processes and improving the
efficiency and yield in biorefinery.

2. Composition of Lignocellulose Feedstocks

Lignocellulosic biomass contains cellulose, hemicellulose, and lignin as the main com-
ponents. It also contains small amounts of inorganic elements like potassium, calcium,
and magnesium, and various organic compounds such as resins, fats, and waxes that
can be extracted with solvents [15,16]. Usually, cellulose and hemicellulose can be hy-
drolyzed to soluble sugars, which provide carbon and energy sources for microorganisms
and are the main nutrients from lignocellulose. Cellulose is a structural homopolymer
composed of linear chains constituted by repeating β-D-pyranose glucose units linked
by β-(1,4) glycosidic bonds [47]. The cellulose chains are bonded through non-covalent
interactions (van der Waals forces and hydrogen bonds), forming rigid and insoluble mi-
crofibrils [48]. Depending on the different orientations and different levels of crystallinity,
cellulose molecules form amorphous (low-crystallinity) and crystalline (high-crystallinity)
regions [49]. A higher crystallinity means that the molecular chains are arranged more
tightly and orderly within the crystalline regions, enhancing the material’s mechanical
hardness and chemical stability [50,51]. Such complicated structures render cellulose resis-
tant to biological and chemical degradation, making it a major barrier in the conversion
process of lignocellulosic biomass.

Hemicelluloses are branched and heterogenic polysaccharides composed of pentose
(D-xylose and L-arabinose) and hexose (D-glucose, D-mannose, and D-galactose) [52].
These monosaccharide units are linked by β-(1,4)-glycosidic bonds and β-(1,3)-glycosidic
bonds [53]. The amorphous, random structural properties and the lower physical strength
make hemicelluloses easier to be hydrolyzed than celluloses, but they can act as a physical
barrier for cellulases’ access to celluloses [38]. Therefore, the removal or separation of
hemicelluloses is often necessary for the pretreatment process.

Lignin is an amorphous and highly branched phenolic polymer primarily composed
of syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) subunits. Lignin has hydrogen
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bonding with cellulose and hemicellulose and is also connected to hemicellulose via various
alkyl/aromatic ether linkages, forming lignin–carbohydrate complexes (LCCs). These LCCs
prevent enzymes from accessing cellulose during enzymatic hydrolysis [13,48] and cause
enzyme deactivation by irreversible enzyme adsorption [36]. Therefore, lignin-derived com-
pounds are major inhibitors of enzymatic reactions and microbial fermentation. Moreover,
lignin and its derivatives are difficult to be degraded and assimilated by microorganisms.
Therefore, it is often necessary to remove lignin and lignin-derived compounds to eliminate
their negative effects through pretreatment to obtain more fermentable sugars [53].

The constitution, structure, and distribution of lignocellulose in the cell wall vary signif-
icantly from different biomass sources, depending on the plant species, climate conditions,
growth stages, and processing methods [54]. For example, cultivars harvested in summer
often have a higher cellulose content than those harvested in autumn [55]. The composition
of hemicellulose also varies significantly among different plant species and even within
different parts of the same plants (such as the leaves, stalks, and roots) [56]. For example,
hemicelluloses in softwoods are constituted by glucomannans, arabinoglucuronoxylans
(xylans), arabinogalactans, xyloglucans, and other glucans, while, in hardwoods, hemicel-
luloses are primarily composed of xylans and glucomannans [57]. Generally, the content of
hemicellulose in hardwoods and herbages is usually higher than in softwoods [58]. The
composition of lignin also varies among plant types. Hardwood lignin primarily contains S
and G subunits, with relative amounts of 45–75% and 25–50%, respectively; softwood lignin
is mainly composed of G subunits accounting for about 95%; while the relative contents
of H/G/S subunits are about 5–35%, 35–80%, and 20–55%, respectively, for herbaceous
plants [37,59]. The total lignin contents are also different: softwoods have the highest lignin
content, while herbaceous plants have the lowest [60].

Although the components of lignocellulosic biomass are influenced by various factors,
their approximate contents in raw materials are relatively stable: 15–30%, 20–40%, and
35–50% for lignin, hemicellulose, and cellulose, respectively [54]. The compositions of some
common lignocellulosic biomass are listed in Table 1.

Table 1. Content of cellulose, hemicellulose, and lignin in common lignocellulosic biomass.

Biomass Cellulose (%) Hemicellulose
(%) Lignin (%) Reference

Sugarcane bagasse 32–55 22–36 14–30 [61]

Sugarcane straw 29 28.8 32.2 [45]

Sorghum straw 26.93 32.57 10.16 [62]

Wheat straw 43.4 26.9 22.2 [63]

Barley straw 35.73–45.73 26.8–32.6 5.3–5.9 [64,65]

Aspen wood 50.7 16.6 13.3 [64]

Oak 43.2 21.9 35.4 [66]

Corn stover 38 23 20 [67]

Switchgrass 50 40 20 [67]

Pine chip 33–44.78 17.56–23.75 20.22–26.29 [68,69]

Spruce 24.7 10.2 35 [70]

These biochemical characteristics of lignocellulosic components help predict the yield
of fermentable sugars and understand the native recalcitrance of raw materials. Generally,
the higher the proportion of cellulose in raw materials was, the more glucose could be
released; the higher the percentage of lignin present was, the more difficult it was for
the biomass to be degraded [64]. Moreover, lignin and hemicellulose, along with their
degradation products, can suppress cellulose hydrolysis [17,18]. Therefore, a lignocellulosic
biomass with lower contents of lignin and hemicellulose is more suitable for biorefinery.
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The different types of lignocellulose can influence the variable amount of inhibitors [29].
For example, more acetylation normally happens in hardwoods than in softwoods [71].
Acetic acid is produced by acetyl-group hydrolysis and has significant inhibiting effects on
microbial fermentation. Moreover, acetylation on hemicellulose chains can cause surface
hydrophobicity changes, inhibit hydrolases, and contribute to biomass recalcitrance [72,73].
Therefore, the lower the acetylation degree in hemicellulose was, the higher the sugar yield
obtained. Due to significant variations of three components in different lignocellulose
biomasses, similar pretreatment methods may generate different amounts of inhibitors
with diverse inhibiting effects [37]. Major inhibitors derived from lignin are phenolic
compounds such as 4-hydroxybenzoic acid, vanillin, catechol, ferulic acid, and syringic
acid [19]. Inhibitors derived from hemicellulose include furfural and formic acid as the
degradation products of xylose and arabinose. Inhibitors derived from cellulose include
5-hydroxy methylfurfural (5-HMF), formic acid, and levulinic acid [74]. Although the con-
centration of inhibitors may not be high, their inhibiting effects can be significant [45], and
the inhibitory effects of the same inhibitors from different biomass types may be discrepant.
For example, the concentration of phenolic compounds released from beechwood ranges
between 2–21.6 mg/g after steam explosion pretreatment, and the conversion of cellulose
to glucose is reduced by 5–26% [75]. In contrast, the concentration of the phenolic from
maple is 5.65 mg/g after liquid hot water (LHW) pretreatment, and the hydrolysis rate is
reduced by 50% [76].

In summary, the contents and structural characteristics of cellulose, hemicellulose, and
lignin vary among various lignocellulosic materials. This physical and chemical nature of
biomass materials affects saccharification yields and inhibitor generation in pretreatment,
thereby determining biorefinery strategy selection.

3. Pretreatment Process and Its Effects on Nutrients and Inhibitors

Lignocellulose pretreatment is a crucial step for biorefineries, aiming to increase the
share of the amorphous region in celluloses, promote hemicellulose degradation, and
remove lignins, to enhance the susceptibility of the lignocellulosic biomass to enzymatic
degradation [35]. Pretreatment methods are diverse, including acid treatment, alkaline
treatment, ionic liquid treatment, deep eutectic solvent (DES) treatment, steam explosion,
hydrothermal treatment, physical treatment, and biological treatment, as well as their
combinations. When selecting a pretreatment method, it is important to consider the
biomass type, the anticipated end products, and the economic benefits [77]. For instance,
acid pretreatment is more effective in hemicellulose removal, while alkaline pretreatment
is more efficient in delignification [78]. During the delignification and decomposition
of hemicellulose, some pretreatment byproducts with fermentation-negative effects are
generated due to severe conditions [79]. Qualitative and quantitative assessments of these
byproducts are important for determining the suitability of each raw material pretreatment
method, including whether hydrolysate detoxification is necessary or not for effective
subsequent fermentation.

3.1. Alkaline Pretreatment

The following mechanisms for changing the structure and composition of biomass are
mainly involved in alkaline pretreatment: first, exposing more celluloses and hemicelluloses
by breaking down ether bonds and carbon–carbon bonds between aromatic rings and
dissolving lignins; and, second, improving the accessibility of cellulose fibers to enzymes
by cellulose swell, surface area increase, and crystallinity reduction. Besides lignin, alkaline
pretreatment can partially dissolve hemicelluloses, although it is not as efficient as acid
pretreatment, helping more celluloses be exposed to enzymatic hydrolysis and improving
the overall conversion efficiency [80,81]. At last, alkaline pretreatment can cleave the ester
linkages in lignocelluloses, including bonds between lignin and hemicelluloses, as well
as acetyl and other ester groups in hemicelluloses, thus further reducing the degree of
polymerization in lignocellulose [82].
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Alkaline pretreatment dissolves only a small amount of cellulose and hemicellulose,
so nearly the maximum amount of saccharides can be recovered in subsequent steps [30].
It is reported that over 85% of xylan can be extracted from corn stalks under low-alkali-
concentration conditions [83]. Common alkaline reagents include NaOH, Ca(OH)2, KOH,
and ammonia. A high proportion of demethylated phenolics can be produced by alkaline
pretreatment using NaOH [77]. Alkaline pretreatment is very effective for lignin removal
from softwoods and grasses, and more holocellulose can be kept compared to acid treat-
ment [30]. Overall, alkaline pretreatment can retain more nutrients with the formation of
relatively fewer new inhibitors.

However, some issues need to be addressed about alkaline pretreatment, such as
the difficult chemical recovery [84], and equipment corrosion which may result in a short
lifespan and high maintenance costs. Moreover, compared to other pretreatment meth-
ods, alkaline pretreatment may require a longer time to break down the lignin structure,
influencing production efficiency [85]. Conditions of high temperature and high pres-
sure also lead to the energy consumption being increased. After alkaline pretreatment,
the lignin-rich black liquor generally requires solid–liquid separation before subsequent
saccharification and utilization [86]. Inhibitors in the sugar solution, besides unwashed
components of black liquor, mainly include lignin fragments deposited on celluloses and
LCC (lignin–carbohydrate complexes) released from the fragmented cellulose [87,88]. The
effective utilization of the separated lignin is the key to the economic viability of the entire
biorefinery process.

3.2. Acid Pretreatment

Acid hydrolysis is one of the most common pretreatment methods, mainly relying on
inorganic acids (such as sulfuric acid, phosphoric acid, or nitric acid) or organic acids (such
as formic acid, maleic acid, or oxalic acid) [61,68,89,90]. Initially, acid molecules cause the
breakdown of the glucosidic bonds between cellulose and hemicelluloses, and hydrolyze
hemicelluloses partially or completely into monosaccharides or smaller oligosaccharides.
Meanwhile, acid pretreatment affects hydrogen bonds between celluloses and hemicellu-
loses. By altering these hydrogen bonds, acid pretreatment can reduce the crystallinity of
celluloses, making them more accessible for enzymatic hydrolysis [82].

However, acidic environments can promote sugar degradation to generate a large
number of inhibitors, such as furfural, 5-HMF, and phenolic compounds, affecting subse-
quent fermentation [91]. In addition to the common inhibitors above, there are other newly
discovered substances, such as quinone compounds derived from phenolic compounds,
severely inhibiting the growth and fermentability of various typical biorefinery fermen-
tation strains [92]. Typically, the more severe the acid pretreatment is, the more phenolic
compounds are generated, especially those with carbonyl groups, as well as acetic acid,
furfural, and 5-HMF in the hydrolysate. The concentration of glucose and some oligosac-
charides will also decrease due to excessive byproduct conversion when the pretreatment
strength is too high [39]. Traditional detoxification methods such as water washing and bio-
logical detoxification can remove these inhibitors, but a large amount of fermentable sugars
derived from pretreated lignocellulosic biomass are also lost simultaneously. Therefore,
biorefinery processes that use acid pretreatment tend to develop methods by improving
the inhibitor tolerance of strains for biodetoxification or constructing pathways for quinone
biodegradation [93].

In addition, researchers are exploring other alternative acids with less toxicity and
easier removal for biomass pretreatment. For example, trifluoroacetic acid (TFA) can obtain
soluble sugars such as xylose from hemicelluloses with celluloses undegraded. Due to the
easy recyclability of TFA, an additional detoxification stage is not necessary [68]. Levulinic
acid (Lev) is another eco-friendly organic acid for pretreatment and can also prevent the
lignins from re-polymerization [94]. More than 50% (w/w) solids are discharged in the dry
acid pretreatment system [95] and all inhibitors are retained in the pretreated solids without
any wastewater generated. The pretreated solids can be introduced to fungus cultures
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for biodetoxification, followed by simultaneous saccharification and co-fermentation for
ethanol or lactic acid fermentation [96–98], significantly reducing wastewater generation
during the detoxification process.

3.3. Hydrothermal Pretreatment

Hydrothermal pretreatment primarily utilizes H3O+ ions ionized from water under
increased temperature and pressure. These autoionization products act as catalysts during
pretreatment. Acetyl groups on xylan chains are cleaved and form acetic acid in the solution
to trigger hemicellulose depolymerization, leaving most celluloses and lignins remaining
in the pretreated solids [99]. Compared to other chemical pretreatments, hydrothermal
pretreatment has the advantage of being eco-friendly and using pressurized hot water as the
only solvent [100]. However, like acid pretreatment, it releases or generates several soluble
inhibitors such as acetic acid, 5-HMF, and phenolics, along with some sugar degradation
byproducts such as furfural and oligosaccharides [54]. These compounds significantly
impact the enzymatic hydrolysis efficiency, especially phenolics, whose inhibitory effects
cannot be completely relieved even with an increased enzyme load [45]. Studies have
shown that 5-HMF and furfural can undergo polymerization or condensation to form
pseudo-lignin [101]. These structures tend to deposit as droplets on the surface of the
pretreated biomass, reduce the effective contact area for cellulase, and inhibit cellulase
activity [102]. Additional steps are required for lignin removal [103], and alkali and
ammonium sulfite are currently commonly used to assist in hydrothermal pretreatment for
delignification [104–108]. On the other hand, the low separation efficiency of hemicellulose
is reported to be a main technical challenge for hydrothermal pretreatment, and various
methods and technologies have been studied to improve hemicellulose separation efficiency,
such as pH pre-control [109] and metal ion catalysis [110].

3.4. High-Pressure Explosion Pretreatment

Steam explosion (SE) is a widely used physicochemical pretreatment method. It treats
biomass with high-temperature and high-pressure steam, then rapidly decompresses to
break down the lignin–hemicellulose barrier and effectively facilitate subsequent hydroly-
sis. During the SE pretreatment process, with the temperature increasing, hemicellulose
degradation may result from autohydrolysis reactions and inhibitors like furfural and
5-HMF can be generated in side reactions [111–113]. Lignin also partially depolymerizes
and melts at high temperatures, similar to that during hydrothermal pretreatment, but
these dissolved components may be recondensed or transformed afterward [114].

Compared to SE, nitrogen explosion decompression (NED) offers a different pretreat-
ment approach and is particularly suitable for biomass hydrolysis under mild treatment
conditions. It operates at lower temperatures, applies a gentler treatment for biomass, and
minimizes the generation of inhibitors. It achieves biomass explosion effects through dis-
solved nitrogen expanding rapidly, breaks down the lignin–hemicellulose matrix to some
extent, and promotes hemicellulose dissolution [65]. NED is characterized by its potential
environmental friendliness and lower operation temperatures. As an emerging technology,
further evaluation is still required for its technological maturity, cost-effectiveness, and
adaptability to various biomasses. Additionally, although fewer inhibitors are produced in
NED, detailed generation mechanisms and control strategies are still required in further
research to ensure the efficiency and reliability of NED in practical applications.

3.5. Solvent Pretreament

Organic solvent pretreatment often uses methanol, ethanol, acetone, and organic
acids, and removes lignins and some hemicelluloses through solubilization. Compared
to other chemical pretreatments, its advantage lies in the ability to recover relatively pure
lignin [115]. Sometimes, organic acids, inorganic acids, or alkalis are added as catalysts to
lower the operating temperature or increase delignification [116]. This method requires
balancing the relationship between the cost and inhibitor generation. Low-boiling-point
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alcohols are easily recovered but require a high-pressure pretreatment process; acetone,
although better at recovering saccharides, has a higher overall cost and is not feasible
for large-scale production [117]. Organic acid pretreatment can be carried out under
atmospheric pressure but may lead to cellulose acetylation and inhibitory components
accumulation in the system. Although most organic reagents used in pretreatment can be
recovered by distillation, it is challenging to ensure that they do not remain on the pretreated
solids and flow into the downstream sugar solution during large-scale applications.

Compared to organic solvents, deep eutectic solvents (DESs) are stable, biodegradable,
and recyclable green solvents [118]. They are composed of different molar ratios of a hydro-
gen bond acceptor (such as choline chloride) and a hydrogen bond donor (like lactic acid,
urea, ethylene glycol, etc.) [119,120]. The DES pretreatment can increase both the digestibil-
ity and solubility of lignocellulose and reduce its resistance to enzymatic digestion; it can
also selectively break ether bonds to separate lignins and celluloses, thus deconstructing
plant cell walls effectively [121]. Additionally, DESs can suppress the re-polymerization of
depolymerized lignin and reduce the lignin molecular weight [122]. The DES pretreatment
is considered a green and cost-effective process, typically with characteristics of non-toxicity
and recyclability [123]. Despite the large number of laboratory studies emerging in recent
years, the efficiency, stability, recyclability, and biocompatibility of DES are still the major
challenges in large-scale pretreatment under industrial conditions [124,125].

Ionic liquids (ILs) are also known as “green solvents” with the typical constitution
of organic cations and organic or inorganic anions. In the lignocellulose biochemical pro-
cessing, ILs improve the convertibility of biomass and increase the efficiency of enzymatic
hydrolysis and fermentation by disrupting non-covalent interactions between lignocellu-
lose components, such as hydrogen bonds between polysaccharide chains, and ether/ester
bonds between lignin and carbohydrates [126,127]. Although the formation of inhibitors
is diminished, the residual small amounts of ILs still have potential toxicity to enzymes
and fermenting microbes [37]. Therefore, it is necessary to use excess water or antisol-
vent washing after ionic liquid pretreatment to remove ionic liquids, lignin, and other
derivatives [126].

Generally, the economic viability of solvent-based pretreatment is determined by the
solvent recovery. Most inhibitors in the subsequent enzymatic sugar solution may be
from the solvent itself after efficient solvent recovery. The residue solvent affects not only
operating costs but also the qualities of the produced sugar solution and other downstream
products.

3.6. Other Pretreatment Techniques

Physical pretreatment techniques primarily use external mechanical or electrical forces,
such as milling, ball milling, extrusion, ultrasonication, and microwave irradiation [128,129].
The mechanical pretreatments disrupt the intrinsic structure of biomass, thereby increasing
the surface area, reducing crystallinity, and improving efficiency. However, mechanical
forces cannot break down the chemical structures of lignins and have little effect on the
degradation of hemicellulose and lignin. Ultrasonication pretreatment is based on the
cavitation effect during radiation with ultrasonic energy, which produces both physical
forces and chemical effects on the biomass structure. Microwave irradiation provides rapid
and uniform heating effects on the lignocellulose, thus generating structural changes in
biomass. However, both ultrasonication and microwave irradiation pretreatments have a
high energy demand and are difficult to scale up for high-volume applications. Physical
pretreatment is often used in conjunction with other pretreatment methods [128,130,131],
but new sources of inhibitors are also introduced. Biological pretreatment is mainly carried
out by microorganisms utilizing biomass for growth directly or by enzyme mixtures
added. No inhibitors form and less energy is consumed during biological pretreatment [82].
However, compared to chemical pretreatment, it takes longer and has limited effects on
facilitating subsequent saccharification.
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Although numerous pretreatment methods have been developed, none of them can
perfectly achieve the separation of the three major components of lignocellulose. Other
compounds, such as extractives and ash, are largely lost during pretreatment. The choice
of pretreatment process primarily affects the carbon sources for downstream bioconversion
and inhibitor formation. Besides the total process cost, there are two more factors highly
recommended for pretreatment evaluation: accelerating polysaccharides hydrolysis or
not, and reducing side reactions or not for more main carbon sources remaining and
fewer inhibitors generated. Generally, more control over inhibitor generation is required
during acid pretreatment, while chemical reagent recovery and lignin utilization need to be
addressed in the methods based on alkalis and solvents that focus on delignification.

The possible inhibitors from different pretreatments are summarized in Table 2.

Table 2. Summary of nutrient retention and inhibitor formation under various pretreatment methods.

Pretreatment Method Nutrient Retention Inhibitor Production Reference

Alkaline pretreatment
Removal of lignin,
partial hemicellulose;
less sugar dissolution

Formic acid; acetic acid;
hydroxy acid; phenols [37,77]

Acid pretreatment

Partial or complete
removal of
hemicellulose; more
sugar dissolution

Furfural; 5-HMF;
phenols; quinones;
acetic acid

[91,92]

Steam explosion

Significant dissolution
of hemicellulose, minor
dissolution of cellulose;
less degradation of
sugar

Furfural; 5-HMF;
formic acid; acetic acid [36,111–113]

Nitrogen explosion Hemicellulose
dissolution [65]

Liquid hot water

More hemicellulose
dissolved; higher sugar
recovery; less cellulose
loss

Furfural; 5-HMF; acetic
acid; phenols;
pseudo-lignin

[2,36,54]

Organic solvent
Removal of part of the
hemicellulose,
dissolution of lignin

Furfural; 5-HMF [132]

Deep eutectic solvents
Removal of
hemicellulose and
lignin

Furfural; 5-HMF;
levulinic acid [123]

Ionic liquid

High lignin extraction
rate, partial
degradation of
hemicellulose, possibly
reduced cellulose
crystallinity

Furfural; 5-HMF; weak
acid [37,126,133,134]

Physical pretreatment
Reduced cellulose
crystallinity, less sugar
degradation

Furfural; phenols [36,133,135]

Biological pretreatment

High lignin
degradation, low
cellulose degradation,
reduced sugar

Furfural; 5-HMF;
organic acids [36,133]

4. Saccharification Process

Saccharification is a key step in the biotransformation process of lignocellulose, aiming
at breaking down complex polysaccharides of cellulose and hemicellulose into fermentable
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oligosaccharides and monosaccharides through enzymatic hydrolysis [12]. These oligosac-
charides and monosaccharides are primary nutrients for subsequent microbial fermentation,
providing carbon sources and energy for the production of ethanol, biofuels, or other chem-
icals [40,136]. The saccharification process is mainly catalyzed by various enzymes, and the
efficiency and yield of saccharification are two of the most critical factors for determining
the utilization rate of lignocellulosic polysaccharides. The saccharification process involves
the synergistic action of multiple enzymes, primarily glycoside hydrolases (GHs) including
cellulases and hemicellulases [57,137,138]. The cellulase system primarily includes the
following three types of enzymes: endoglucanases (EGs), which break down the crys-
talline structure of cellulose microfibrils to release individual polysaccharide chains and
reduce the polymerization degree [57]; exoglucanases, or cellobiohydrolases (CBHs), that
cut cellulose from the free ends of polysaccharides, mainly releasing cellobiose; and β-
glucosidases, which can further hydrolyze cellobiose and other oligosaccharides to produce
individual glucose molecules. These enzymes work together to break down celluloses
into glucose units [12]. Unlike celluloses, the structure of hemicelluloses is very complex
and requires a wider variety of enzymes for complete degradation, mainly including
xylanases, arabinoxylanases, mannanases, β-xylosidases, and esterases [12,138]. These
enzymes work synergistically and degrade polysaccharides specifically according to the
chemical composition and different linkages in hemicelluloses, releasing sugar monomers
such as xyloses and mannoses [13]. The efficiency of these enzymes is influenced by various
factors, including the various biomass sources, the chemical composition after biomass pre-
treatment, the source of enzymes, the ratios of different enzymes, and the enzyme catalytic
activities [13,139,140]. In addition to glycoside hydrolases, recent studies discovered that
adding auxiliary enzymes such as lytic polysaccharide monooxygenases (LPMOs) during
the cellulose hydrolysis process can significantly improve hydrolysis efficiency and reduce
the enzyme loadings required for saccharification [141–144].

Current enzyme systems for biomass saccharification primarily include free enzyme
systems and cellulosome systems (Figure 2). Most lignocellulose-degrading bacteria and
fungi in nature can secrete a variety of cellulases and hemicellulases. Some fungi, such as
Trichoderma reesei and Penicillium oxalicum, possess a high cellulase secretion system and
have been modified to become main production strains of cellulases for industrial-scale
use [145–147]. Due to the complex structure of lignocellulose, currently, no microbial
enzyme can independently decompose all components for industrial application, so many
studies are focusing on designing optimal enzyme mixtures to hydrolyze the pretreated
biomass effectively [13]. Most industrial demonstration plants for biomass saccharification
currently use processes based on free enzyme formulation [148–151]. Despite the crucial role
and multiple advantages of these free enzymes, such as the specific activity, mild reaction
conditions, and environmental friendliness, the high enzyme usage in the saccharification
process, even with recent significant improvements in enzyme production, still represents
a substantial cost in the biorefinery process. This enzyme cost is one of the main factors
hindering the economic viability of biorefinery processes [152,153].
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In addition to free enzymes produced by fungi and bacteria [154], there exists in na-
ture a large multi-enzyme complex produced by anaerobic microorganisms for degrading
lignocellulose, known as cellulosome, composed of non-catalytic proteins (scaffoldins) and
a variety of glycoside hydrolases [155,156]. The cellulosome is one of the most efficient lig-
nocellulose degradation systems known in nature, with a far higher degradation efficiency
than that of free cellulase systems [154,157–159]. The cellulosome assembles various types
of cellulases and hemicellulases into a large complex through non-covalent interactions be-
tween scaffoldins and enzymes [160,161], creating synergistic and proximity effects among
enzymes. Cellulosome also binds to substrates through carbohydrate-binding modules
(CBMs), forming synergistic enzyme-substrate interactions. Furthermore, the cellulosome
attaches to the bacterial cell wall through cell-wall-binding modules on scaffoldins, creating
synergistic interactions between the enzymes and cells [154,158,162]. These multi-level
synergistic actions collectively enhance the efficiency of lignocellulose degradation. The
modules within the cellulosome are connected by flexible linkers, allowing the cellulosome
to undergo conformational changes according to the substrate, thus degrading the substrate
better [162]. Additionally, bacteria express genes of cellulosomal components dynamically
based on the type of substrate and adapt to the different substrate compositions [162–166].
Compared to free cellulases, cellulosomes not only exhibit a stronger tolerance to chemical
inhibitors such as formate, lactate, and furfural present in the hydrolysate but also show a
higher ethanol tolerance and thermostability [157].

The biocatalytic saccharification process can be inhibited by various factors, and the
most common one is product inhibition, which is that the accumulation of product sugars
inhibits enzyme activity. For instance, cellobiose and cello-oligosaccharide inhibit the activ-
ity of various cellulases, and β-glucosidases are susceptible to glucose inhibition [167,168].
Typically, the cellobiose inhibition of cellulases is more severe than the glucose inhibition
of β-glucosidases. To relieve feedback inhibition and promote cellulose saccharification,
strategies often applied are the direct supplementation of exogenous β-glucosidases with
a high glucose tolerance or using recombinant strains secreting these enzymes [169,170].
Cellobiose and xylan also inhibit cellobiohydrolases and cellulases, respectively. Notably,
studies have found that, under certain conditions, xylose at low concentrations can stim-
ulate β-glucosidases with doubled hydrolytic activity, while the binding of cellobiose to
the active site of the enzyme may be interfered by high xylose concentrations [171]. This
phenomenon implies the need for precise control over the effects of different components
on enzyme activity for saccharification condition optimization and efficiency improvement.
In the cellulosome system, it was found that soluble lignin and arabinoxylan released
during lignocellulose hydrolysis can interact with key exoglucanases [137,172]. In biore-
finery strategies that integrate the saccharification process with downstream fermentation
(such as simultaneous saccharification and fermentation or consolidated bioprocessing),
the products of downstream fermentation, such as bioethanol, can significantly inhibit
cellulase activity as their concentration increases, sometimes even leading to enzyme
deactivation [173].

Since the saccharification process is the core step to generate nutrients for down-
stream fermentation in lignocellulose biorefining, various current lignocellulose biocon-
version strategies have been developed based on biocatalyst production methods and
their integration with upstream and downstream processes, including off-site and on-site
saccharification [40]. Off-site saccharification strategies are among the earliest proposed
biorefining technologies, and separate hydrolysis and fermentation (SHF) and simultane-
ous saccharification and fermentation (SSF) are the most commonly applied, both of which
use free cellulases from fungi as biocatalysts. Considering the joint utilization of pentose
and hexose downstream, separate hydrolysis co-fermentation (SHCF) and simultaneous
saccharification co-fermentation (SSCF) strategies have been further developed [174]. On-
site saccharification strategies are new approaches developed for their low operating cost,
especially the enzyme production cost by avoiding enzyme production and separation
and integrating the enzyme production and saccharification steps into one single step,
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mainly including consolidated bioprocessing (CBP) and consolidated bio-saccharification
(CBS) [40]. On-site saccharification requires a single enzyme-producing strain to produce
all enzymes needed for saccharification, thus demanding a higher capacity of the strain for
lignocellulose degradation. In addition, the tolerance of the strain is also required to be
higher because of the multi-step integration.

The lignocellulosic hydrolysates produced by on-site and off-site strategies are quite
different for downstream fermentation. In off-site saccharification, free enzymes are used as
catalysts for the saccharification process, so the nutrients and inhibitors in the hydrolysates
mostly come from the lignocellulosic substrates themselves and pretreatment processes,
while, in on-site saccharification, the hydrolysates are also a fermentation medium for
enzyme-producing strains [40]; therefore, besides the nutrients and inhibitors from the
substrates and pretreatment processes, metabolic products from the strains are also con-
tained in hydrolysates, and both nutrients and potential inhibitors may be included for
downstream fermentation [3]. The differences among lignocellulose hydrolysis in various
saccharification approaches will be further discussed in the next section.

5. Lignocellulose Hydrolysate in Different Biorefinery Strategies

The production cost of biofuels or fermentable sugars as intermediate platform prod-
ucts from biorefinery requires competitiveness with fossil fuels or starch-based sugars
on the market. Therefore, reducing the operational cost of biorefining is the primary
concern for strategy development. To overcome the techno-economic challenges of biorefin-
ery, several different strategies have been developed, including separated hydrolysis and
fermentation (SHF), simultaneous saccharification and fermentation (SSF), consolidated
bioprocessing (CBP), and consolidated bio-saccharification (CBS) [139]. These strategies,
by separating or combining different steps of biorefinery, result in variations of obtained
lignocellulosic hydrolysates (Figure 3). Such differences further affect the performance
of downstream fermentation, which is a critical factor that needs to be considered in the
designs of downstream fermentation products and processes.

SHF is a strategy in which each step—pretreatment, enzyme production, sacchari-
fication, and fermentation—is carried out separately. The advantage of SHF is that the
saccharification and fermentation processes can be conducted under their optimal condi-
tions respectively, thus achieving higher yields [175]. However, the main disadvantage is
that each step is performed separately, so a high overall process cost is generated owing
to specific operational costs for each step, and additional costs are also introduced by
the connections between steps. The lignocellulosic hydrolysate produced by SHF, due to
the precise control over each step, typically contains high concentrations of fermentable
sugars [176,177]. The inhibitors for fermentation primarily originate from raw materials
and the pretreatment process, allowing the generation of nutrients and inhibitors to be
better controlled. High sugar yields can be achieved in SHF, with most of the pentoses
from hemicellulose retained in the fermentable sugars after saccharification. Therefore, the
main consideration for downstream fermentation in SHF is the joint utilization of pentoses
and hexoses for the polysaccharide nutrients in lignocelluloses to be fully converted and
utilized [42]. The strategy that enables the joint utilization of pentoses and hexoses in SHF
is also known as separate hydrolysis co-fermentation (SHCF) [178].

SSF integrates saccharification and fermentation simultaneously in a single bioreactor,
reducing operating costs while avoiding the accumulation of high concentrations of sugars
in the hydrolysate and related inhibitory effects. However, the optimal conditions for
saccharification and fermentation are usually different, especially those of temperature and
pH. The optimum temperature for enzymatic hydrolysis is usually higher than that for
fermentation, thus typically leading to reduced overall efficiency. Meanwhile, metabolites
generated during the fermentation process may inhibit enzyme activities in the saccharifica-
tion process [31]. To address these issues, many works of research are focusing on enzyme
optimization and fermentative microorganism screening to ensure both of them can work
efficiently under the same conditions [179–183]. Co-cultures of multiple microorganism
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strains are also often applied in SSF [184–186]. This strategy is advantageous for more
a complex metabolite production and is beneficial for strain growth and fermentation
processes due to the synergistic interactions between different strains [28]. However, some
studies have also shown that the co-culture strategy in SSF may lead to reduced yields
due to various reasons (such as nutrient competition and the accumulation of metabolic
products) [27].
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In SSF, due to the fermentation step integrated, small molecule sugars produced from
the hydrolysis of celluloses and hemicelluloses are directly utilized by fermentation strains;
thus, lignocellulosic hydrolysates cannot be generated with high sugar concentrations.
However, like SHF, SSF also faces issues of inhibitor production during the pretreatment
process and joint utilization of pentoses and hexoses. Regarding inhibitors, some studies
focus on improving pretreatment methods or using inhibitor-resistant or inhibitor-utilizing
strains [187]. Other processes such as simultaneous saccharification and co-fermentation
(SSCF) have been developed based on the SSF to achieve effective xylose utilization and less
product inhibition [10,188,189]. The approach known as fed-batch delayed SSF (fed-batch
dSSF) has also been developed: dSSF (also known as PSSF, pre-hydrolysis SSF [190]) is
performed in the first bioreactor by using cellulases for pre-saccharification and followed
by simultaneous saccharification and fermentation, while, in the second bioreactor, a
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cultivation medium was used only for enzymatic hydrolysis. When glucose is depleted in
the first bioreactor, the medium is fed from the second bioreactor. This process is primarily
designed to avoid early carbon deficiency in SSF and to enhance the hydrolysis rate of
cellulase into glucose by integrating a pre-saccharification step at the optimum temperature
for cellulose decomposition [41].

Consolidated bioprocessing (CBP) integrates the enzyme production, saccharification,
and fermentation steps into a single system, thus significantly reducing the costs of en-
zymes and the overall process. The core of CBP is to develop microorganisms with the
capability of degrading lignocellulose and conducting downstream fermentation simulta-
neously [191]. Similar to SSF, hydrolysates with high sugar concentrations do not exist in
CBP, but issues about inhibitors produced from substrates and the pretreatment process,
as well as inhibitory effects of fermentation products on microorganisms and enzymes,
have to be faced in CBP. The whole CBP process is carried out by living microbial cells, and
the derived inhibitors from pretreatment and raw materials may interfere with the host
cell membrane integrity, protein synthesis, cell growth, and target product production [32].
In the CBP system, since all steps occur in the same bioreactor, the efficient consumption
of the sugar mixture or the biomass hydrolysate is particularly critical. For instance, the
hydrolysis of hemicelluloses produces xyloses, arabinoses, galactoses, and rhamnoses,
but many host microorganisms in CBP cannot consume these sugars, leading to a carbon
catabolite repression [192]. In such cases, CBP hosts are required to be modified by genetic
engineering or metabolic engineering [32,193,194]. Another approach is the co-culture
strategy by introducing other strains to metabolize these sugars and fully utilizing various
carbohydrates in the lignocellulosic hydrolysates, thus improving the hydrolysis efficiency
of upstream strains [191,195,196]. However, this approach has its challenges, as the growth
conditions in the co-culture system should meet the requirements for all different microor-
ganisms (such as pH, oxygen, and temperature) and the growth of one species does not
have toxic or inhibitory effects on others [197]. In lignocellulose biorefinery, most cellulases
exhibit optimal enzymatic activity at higher temperatures; thus, downstream strains are
required to adapt to such a high-temperature environment for growth and fermentation.
Cellulosomes of Clostridium thermocellum exhibit a higher efficiency in degrading woody
and herbaceous cellulose materials than commercial fungal cellulases [198], although their
fermenting property is unsatisfactory. However, the co-culture of Clostridium thermocellum
DSM1313 and Thermoanaerobacterium thermosaccharolyticum MJ1 can produce more hydro-
gen [196,199]. This is due to relieving the inhibition of DSM1313, improving substrate
degradation, and enhancing electron transfer activity. Additionally, besides substrate uti-
lization, the co-culture system can also improve the low tolerance of organic acids (such
as acetic acid, formic acid, and lactic acid) and ethanol produced during fermentation
with Clostridium thermocellum [33,34]. Overall, more complex modifications of strains are
required in the CBP strategy to make full use of hydrolysis products and tolerate various
inhibitors produced during pretreatment and fermentation.

Consolidated bio-saccharification (CBS) is a strategy that separates the fermentation
step in CBP while keeping the enzyme production and saccharification process completed
by a single strain [40]. The key advantage of the CBS strategy is that it integrates enzyme
production with saccharification to minimize the production cost of cellulases, overcoming
the major bottleneck in lignocellulosic biorefinery. Furthermore, it also separates the cel-
lulose hydrolysis process from the downstream microbial fermentation process, avoiding
the compromise of different reaction conditions required in both processes. Since the
fermentation process is separated, the CBS strategy, like the SHF strategy, can produce
hydrolysates containing high concentrations of fermentable sugars, while cellulases may
suffer from the feedback inhibition of monosaccharides or oligosaccharides in the hy-
drolysates. Therefore, as in the SHF strategy, the product feedback inhibition by cellobiose
and cello-oligosaccharide can be released by the addition of β-glucosidases (BGLs) with
both a high enzymatic activity and high glucose tolerance in the CBS strategy [170]. How-
ever, whole-cell catalysts are used for the saccharification process in the CBS strategy, which
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is different from the SHF strategy, so the resulted lignocellulosic hydrolysates are also the
fermentation broth of the CBS strain, containing more complex components than those of
the SHF strategy. These components mainly come from the fermentation medium and bac-
terial metabolites, so most of them may act as nutrients for downstream fermentation and
may be beneficial for the downstream fermentation process. For example, Liu et al. [26] suc-
cessfully achieved the fermentation of pullulan using condensed CBS sugar liquor without
any nutrient supplementation. Similarly, lactic acids were produced by directly inoculating
lactic acid bacteria (LAB) strains into the CBS hydrolysates to initiate the fermentation
process [3]. On the other hand, since the strains used in CBS are anaerobic Clostridium
thermocellum [200], certain amounts of metabolic intermediates such as lactic acid and acetic
acid are produced, which may inhibit some anaerobic fermentation processes for bioenergy
production, such as acetone–butanol–ethanol (ABE) fermentation [157,201]. Therefore, lig-
nocellulosic hydrolysates in the CBS strategy require further analysis of their components,
integration with downstream fermentation processes, nutrients needed for downstream
fermentation, and potential inhibitors, thereby optimizing the whole CBS process and
downstream fermentation processes for the best-matched optimal process.

In this section, we have analyzed the advantages and limitations of various biorefining
strategies in terms of nutrient retention and inhibitor control. Overall, SHF allows enzyme
production, saccharification, and fermentation under optimal conditions, which can signifi-
cantly preserve the nutrients from lignocellulose (sugar yield) and independently optimize
each step for minimizing inhibitor accumulation or residues. However, the operational
cost is high, making techno-economic viability the primary challenge. The SSF strategy
effectively integrates the saccharification and fermentation processes, reducing process
costs, but it also faces challenges such as high enzyme costs and difficulties in matching
saccharification with fermentation. The CBP strategy, theoretically, can achieve lower costs
but has extremely high requirements for microbial strains, and there is still a long way
to go to develop technologically and economically viable CBP strains. The CBS strategy
combines the low-cost advantage of CBP with the high yield of SHF, but the produced
saccharification liquid has complex components, and it is necessary to develop compatible
downstream strains.

The overall consideration of the biorefinery strategy and process to maximize nutrient
retention and control inhibitors at a low cost is critical for the techno-economic assessment
(TEA) and the life cycle assessment (LCA) of different biorefinery scenarios [202–205].
Due to the long research history and the establishment of many demonstration pilot
plants of off-site biorefinery approaches, there are many TEA and LCA analyses of SHF
and SSF strategies, as well as the specific steps of them such as feedstocks and pretreat-
ments [204,206–213]. The TEA and LCA analyses of on-site approaches are relatively less,
but limited studies have shown that the CBP strategy has significant advantages in feasibil-
ity and sustainability compared with SHF/SSF strategies [214–216]. As we analyzed in this
paper, both nutrients and inhibitors will run through the entire biorefinery process, so any
improvements to a single step will require a further TEA and LCA analysis of the entire
biorefinery, which needs to be greatly strengthened in future research.

6. Conclusions and Perspective

This article provides an in-depth analysis of how different steps in lignocellulose
biotransformation affect the nutrients and inhibitors in lignocellulosic hydrolysates, high-
lighting the differences in raw material selection, pretreatment methods, and biorefinery
strategies in terms of nutrient production and inhibitor control. We found that, although
each strategy has its unique advantages, it also faces various challenges such as cost, effi-
ciency, inhibitory product generation, and difficulties in strain development. A vast amount
of research focuses on nutrient retention (increasing fermentable sugar yields or conversion
rate), the control or removal of inhibitors, and strain development for specific strategies,
but there are only limited studies that considered the overall compatibility of steps in the
entire lignocellulosic bioconversion process. Our analysis shows that both nutrients and
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inhibitors can be produced throughout all biorefinery stages, and, at the same time, each
subsequent step is closely related to the nutrient retention and inhibitor generation in the
previous step. To achieve the techno-economic viability of lignocellulosic biorefining, it
is necessary to consider all steps comprehensively, design the most suitable biorefining
strategy based on the characteristics of the raw materials and final target products, and
optimize the whole process to maximize nutrient retention and conversion and minimize
inhibitor generation.

Therefore, we propose that future research on lignocellulosic biorefinery should focus
more on matching the overall biorefinery strategy and process, especially the compat-
ibility of the pretreatment, enzyme production, and fermentation strain development,
to maximize nutrient retention and control inhibitors at a lower cost. For example, pre-
treatment technologies should be developed based on the requirements of downstream
saccharification and fermentation processes. It is necessary to analyze the role of residual
chemicals or byproducts during pretreatment more meticulously and thoroughly because
they can be inhibitors for subsequent saccharification and fermentation, act as activators
for enzyme activity, or provide nutrients for fermentation. For instance, nitrogen sources
required for the growth of downstream fermentation microorganisms often need to be
added additionally. The ammonium salts, such as ammonia or ammonium sulfite, from
nitrogen-containing pretreatment processes, may move into the microbial conversion stage
with residual lignin, but their stimulative or inhibitory effects on fermentation still require
further studies. Most previous research on nutrient retention, inhibitor control, or removal
focused on off-site strategies (SHF and SSF), while very limited studies target more recent
on-site strategies (CBP and CBS). Clostridium thermocellum is currently used in on-site strate-
gies, whose core of the saccharification process is their secreted cellulosomes. However,
research about the effects of various sugars, residues, and byproducts from pretreatment
on the activity and stability of Clostridium thermocellum with their cellulosomes is still
very few and should be focused on in the future. For the CBS strategy first developed
in our lab, we are committed to the investigation of the overall compatibility of steps in
the entire lignocellulosic bioconversion process. For example, the composition of the pro-
duced saccharification liquid is complex, and it should be developed in collaboration with
downstream processes. The medium used in the CBS process for enzyme production and
saccharification contains various nutrients required by Clostridium thermocellum growing,
and most of them can remain in the final saccharification liquid in various forms, along
with some products generated from Clostridium thermocellum metabolism. More detailed
studies need to be carried out about the suitability between these components and down-
stream fermentation strains, which are ongoing in our lab for the CBS strategy. Moreover,
the salts in the CBS hydrolysates come from not only the medium but also ash in the
substrate dissolved during pretreatment and saccharification. These salts have potentially
significant effects on downstream fermentation equipment and processes. The choice of
medium in an on-site saccharification strategy not only determines the production status
of the enzyme-producing microorganisms but also affects crucial carbon source supply.
Moreover, the inhibitory effects of metabolites and the changes in nutrient components
during the enzyme production process of the on-site saccharification strategy also require
an overall assessment of their impacts on the performance of production strains. More
TEA and LCA studies for different biorefinery approaches, particularly the more recent
on-site strategies (CBP and CBS), with improved nutrient retention and inhibitor control
are needed to validate their feasibility and sustainability.
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Abstract: Diphenolic acid, or 4,4-bis(4-hydroxyphenyl)pentanoic acid, represents one of the poten-
tially most interesting bio-products obtainable from the levulinic acid supply-chain. It represents a
valuable candidate for the replacement of bisphenol A, which is strongly questioned for its toxicologi-
cal issues. Diphenolic acid synthesis involves the condensation reaction between phenol and levulinic
acid and requires the presence of a Brønsted acid as a catalyst. In this review, the state of the art
related to the catalytic issues of its synthesis have been critically discussed, with particular attention
to the heterogeneous systems, the reference benchmark being represented by the homogeneous
acids. The main opportunities in the field of heterogeneous catalysis are deeply discussed, as well
as the bottlenecks to be overcome to facilitate diphenolic acid production on an industrial scale.
The regioselectivity of the reaction is a critical point because only the p,p′-isomer is of industrial
interest; thus, several strategies aiming at the improvement of the selectivity towards this isomer are
considered. The future potential of adopting alkyl levulinates, instead of levulinic acid, as starting
materials for the synthesis of new classes of biopolymers, such as new epoxy and phenolic resins and
polycarbonates, is also briefly considered.

Keywords: diphenolic acid; levulinic acid; phenol derivatives; homogeneous catalysis; heterogeneous
catalysis; epoxy resins; polycarbonates

1. Introduction

Levulinic acid (LA) is a well-known platform chemical that is obtainable nowadays
from cheap and waste cellulosic biomasses, thus allowing its industrial production on a
larger scale [1,2]. The growth of LA production is allowing the progressive reduction of
its manufacturing costs, thus favoring the research and development of new added-value
bio-products derived from its supply-chain. At the state of the art, many technological
improvements have been made by GF Biochemicals [3] to lower the LA production costs,
aiming at a target of USD 1/kg, which is highly competitive in the market [4]. One of the
most important added-value LA derivatives is 4,4-bis(4-hydroxyphenyl)pentanoic acid,
also named diphenolic acid (DPA), for which the main physico-chemical properties are
reported in Table 1.

Due to the structural similarities, DPA has been identified as a potential replacement
for bisphenol A (BPA), the latter representing one of the most adopted monomers for
the synthesis of epoxy resins and polycarbonates [5,6], which are widely exploited for
the formulation of paints, cosmetics, surfactants, plasticizers, textile chemicals, etc. [7,8].
However, BPA is well-known for its dangerous toxicological properties, which mime the
effects of estrogens and thus disrupt the endocrine system, even at very low concentrations
(<1 ng L−1) [9,10]. Moreover, BPA use has been associated with the onset of health issues,
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such as cancer, obesity, and diabetes [11,12], and its use, especially in foodstuffs, is strictly
regulated by European Food Safety Authority (EFSA) legislation [13]. In this context, DPA
represents an excellent substitute for BPA, and the progressive lowering of the LA produc-
tion costs makes further R&D on this topic particularly valuable. Moreover, DPA can be
envisaged as a completely bio-based molecule if the phenol production from renewable
lignin sources, mainly through pyrolysis or reductive depolymerization, will be imple-
mented on an industrial scale [14,15]. Remarkably, such pathways could be even better
tailored to give substituted phenols (catechol, resorcinol, cresol, guaiacol, etc.), thus further
broadening the application opportunities of the final specialty biomaterials. Whilst BPA is
produced through a condensation reaction between acetone and two moles of phenol, in
the DPA synthesis, acetone is replaced by LA, and both reactions require the presence of a
proper Brønsted catalyst. A comparison between the reactions involved in the BPA and
DPA syntheses is shown in Figure 1.

Table 1. Physico-chemical properties of DPA.

Physical Property Details

Formula C17H18O4

Chemical structure
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According to Rahaman et al. [16], the reaction mechanism of DPA synthesis (Figure 2)
involves the preliminary formation of the mono-phenolic acid (MPA) intermediate via
activation of the LA ketone group, followed by the subsequent nucleophilic attack of the
phenol and finally through the acid-catalyzed loss of a water molecule. The obtained
carbocation intermediate (MPA) undergoes the nucleophilic attack of another phenol
molecule to obtain the target DPA.

Just as for BPA, the synthesis of DPA is traditionally carried out in the presence of
strong mineral acids, such as concentrated HCl or H2SO4, which are generally considered
benchmarks for the development of new investigations. Remarkably, an isolated yield
of about 60 mol% (evaluated with respect to the starting LA) was claimed in Bader’s
patent [17], typically employing an LA/phenol molar ratio of 1/2 and working at 25 ◦C
for 20 h with concentrated H2SO4 (about 80 wt%). Such molar yields were also claimed
employing the same LA/phenol molar ratio and a lower concentration of HCl (about
25 wt%) but working at a higher reaction temperature (about 90 ◦C) for 6 h. The use of
HCl is generally preferred over H2SO4 due to the simpler work-up operations, which are
required for its recovery. More recently, the use of concentrated mineral acids (37 wt% HCl
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or 96 wt% H2SO4), excess of phenol (LA/phenol molar ratio within the range 1/2–1/4),
mild reaction temperatures (up to 60 ◦C), and long reaction times (up to 48 h) have generally
been proposed, thus achieving a maximum DPA yield of about 70 mol% [18–22]. Remark-
ably, the use of a thiol (namely, methyl mercaptan) as a reaction co-catalyst led to significant
improvement of the DPA yield up to a maximum of about 93 mol%, working at 55 ◦C for
16 h, in the presence of 37 wt% HCl as the main catalyst, and adopting the LA/phenol
molar ratio of 1/2 [23]. The chemistry involved in such reactions was not explained in detail
by the authors, and claims of such patents were mainly based on experimental evidence.
Moreover, the reaction is mostly performed under solvent-free conditions, e.g., without
any addition of external water and/or other solvents, thus exploiting the use of an excess
of phenol. To specifically assess issues related to the selectivity of the DPA synthesis, it is
necessary to consider more recent works, including, in some cases, the chemistry of BPA as
the only reference, which admits the formation of different degradation products, mainly
including triphenols and chromans [24]. In any case, the identification of the corresponding
by-products in the DPA synthesis has not been specifically discussed in the literature, and
scarce information is available on a few reaction by-products. In this context, according
to the reaction mechanism proposed in Figure 2, the nucleophilic attack of the second
molecule of phenol may lead to the formation of the o,p′-DPA isomer (Figure 3), and this
isomer is considered an unwanted reaction by-product because it has no industrial interest
and cannot be recycled within the process. In such condensation reactions involving unsub-
stituted phenol, the formation of the o,o′-isomer is almost negligible for steric hindrance,
whilst those of the p,p′- and o,p′- ones are both thoroughly allowed [25]. The presence of
the o,p′-DPA isomer significantly complicates the purification procedures of the p,p′-DPA,
which represents the only industrially useful product. On this basis, the p,p′/o,p′ molar
ratio represents a key parameter for the optimization of the DPA synthesis process due to
the difficult separation of the two isomers through crystallization. For the BPA synthesis,
an isomerization reaction was planned at the industrial scale to advantageously convert
the o,p′-BPA isomer to the p,p′-BPA one [26], but this isomerization is extremely difficult in
the case of DPA isomers; thus, this crucial aspect requires the adoption of more appropriate
strategies already during the synthesis step.
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The p,p′-DPA/o,p′-DPA molar ratio also has important effects on the properties of
the final polymers, such as the color stability, crystallinity, and intermolecular attractive
forces between the polymer chains. Thus, the p,p′-DPA/o,p′-DPA molar ratio should be
as high as possible to improve these properties [27]. Remarkably, the available data based
on Bader’s patents, such as those of reference in this discussion [17], seem to confirm the
exclusive formation of the p,p′-DPA isomer, but these data must be much more carefully
considered due to the instrumental limitations at that time. In fact, the most recent literature
admits the formation of the o,p′-DPA isomer starting from phenol [16], and, in this regard,
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different approaches have been proposed to improve the selectivity towards the p,p′-isomer.
Remarkably, 2,6-xylenols, such as 2,6-dimethylphenol, were proposed as a phenolic source
for the acid-catalyzed condensation with LA to the corresponding bis-xylenol product [28],
thus completely addressing the reaction selectivity towards the corresponding p,p′-isomer
(that, is 4,4-bis(3,5-dimethyl-4-hydroxyphenyl)pentanoic acid). Even more advantageously,
natural phenols deriving from lignin sources, such as catechol and resorcinol, could be
smartly exploited as valuable replacements for unsubstituted phenol [29]. In this case, in
addition to the para-orientating effect, the presence of an additional hydroxyl group in
the appropriate position of the phenolic structure is advantageous because it adds another
reactive group to the DPA derivative, which could be better exploited to produce even
more added-value products, such as glycidyl ethers [29].

Regarding the catalytic issues, although mineral acids are the traditional ones, their use
has some well-known and important drawbacks, including corrosivity, difficult separation,
and expensive treatment of the process’s wastewater. These general issues are stimulating
the development of new catalysts to perform DPA synthesis with the intention of improving
the activity and the selectivity towards the p,p′-DPA isomer and, above all, overcoming
the corrosion and separation problems. In this context, sulfonated acid catalysts [19,27,30,31],
heteropolyacids [16,18,20,30,32], zeolites and oxides [18,27], as well as ionic liquids [21,22,33]
have been proposed for DPA synthesis in the search for further improvement of the
selectivity to the p,p′-DPA isomer. In this context, the use of a thiolic derivative as a
co-catalyst was proposed by Van De Vyver et al. [30,31] to further improve the selectivity
to the p,p′-DPA isomer. According to the reaction mechanism proposed by the authors for
explaining the behavior of sulfonic-acid-functionalized catalysts, the thiol additive acts
as a promoter by improving the reactivity of the carbonyl group of LA, thus making it
more prone to react with phenol. Therefore, the thiol would react with the carbonyl of
the LA to give an intermediate that is more electrophilic towards the reaction with phenol
(Figure 2). The authors found that thiols with small substituents, such as ethanethiol,
were particularly effective towards the p,p′-DPA formation, preferentially working at low
LA conversion and therefore under kinetic control [31]. On the other hand, at higher LA
conversions, the formation of the o,p′-DPA isomer became relevant according to a regime
of thermodynamic control.

Starting from the above milestones, the state of the art related to the production of
DPA from LA is critically discussed in this review by focusing on the development of new
acid catalysts, with particular attention to the heterogeneous systems and considering the
homogeneous ones as the benchmark. Subsequently, the main available applications of
p,p′-DPA are summarized and discussed while highlighting the bottlenecks to be solved for
further improving the research on this topic.

2. DPA Synthesis
2.1. DPA Synthesis with Homogeneous Catalysts

The condensation reaction between LA and phenol to give DPA has been traditionally
carried out in the presence of strong Brønsted mineral acids, mainly HCl and H2SO4.
The most interesting results reported in the literature with these mineral acids and other
homogeneous systems, mainly referring to sulfonic acids, are reported in Table 2.
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Table 2. DPA synthesis catalyzed using inorganic mineral acids and homogeneous sulfonic acids.

Entry LA/Phenol
(mol/mol) Catalyst (gLA/gcat)

Additive
(molLA/moladditive) T (◦C) t

(h)
CLA

(mol%)
Yp,p ′-DPA
(mol%)

p,p′-DPA/o,
p′-DPA Molar

Ratio
Ref.

1 1/3 HCl (8.0) / 100 6 46 19 2.2 [18]

2 1/7 HCl (8.0) / 100 24 n.a. a 56 1.8 [20]

3 1/4 HCl (6.3) Ethanethiol (100) 60 24 65 41 2.0 [21]

4 1/4 H2SO4 (11.8) / 60 24 62 42 11.2 [19]

5 1/3.7 H2SO4 (0.9) / 75 6 n.a. a 74 b n.a. a [33]

6 1/4 H2SO4 (2.3) / 60 48 n.a. a 61 24.0 [22]

7 1/4 H2SO4 (2.3) Mercaptoacetic
acid (20.0) 60 48 n.a. a 68 9.0 [22]

8 1/4 p-TSA (1.3) Ethanethiol (100) 60 24 25 18 3.9 [21]

9 1/3.7 p-TSA (0.9) / 75 6 n.a. a 70 b n.a. a [33]

10 1/4 NH2SO3H (2.4) Ethanethiol (100) 60 24 58 51 7.4 [21]

11 1/3.7 CH3SO3H (0.9) / 75 6 90 37(66 b) 1.2 [33]

12 1/9.2 CH3SO3H (0.9) / 75 6 n.a. a 86 b n.a. a [33]

13 1/4 CF3SO3H (1.5) / 60 48 n.a. a 43 25.0 [22]

14 1/4 HS(CH2)3SO3H (1.5) / 60 48 n.a. a 77 30.0 [22]

a n.a. = not available; b yield of p,p′-DPA + o,p′-DPA.

Very different reaction conditions in terms of the LA/phenol molar ratio, LA/catalyst
weight ratio, reaction temperature, and time have been proposed when working with min-
eral acids and, in some cases, adding thiols to improve the selectivity towards the desired
p,p′-DPA isomer [21]. However, H2SO4 generally led to higher yields and p,p′-DPA/o,p′-
DPA molar ratios compared to HCl, regardless of the adopted reaction conditions (entries
1–7, Table 2). Thus, H2SO4 results are more promising for this application. On this basis, it is
possible to suppose that the sulfonic group plays a key role in the reaction. For this reason,
many other sulfonic acids have been proposed, including p-toluenesulfonic acid (entries 8
and 9, Table 2), sulfamic acid (entry 10, Table 2), methanesulfonic acid (entries 11 and 12,
Table 2), triflic acid (entry 13, Table 2), and 3-mercaptopropyl sulfonic acid (entry 14, Table 2).
In this context, Shen et al. [21] compared the catalytic performances of p-toluenesulfonic
acid and sulfamic acid with those of HCl (entries 8, 10, and 3, Table 2) working under the
same reaction conditions, including the amount of catalyst and ethanethiol (as an additive).
The authors found that HCl led to the highest LA conversion (entry 3, Table 2, 65 mol%)
but also to the lowest p,p′-DPA/o,p′-DPA molar ratio (2.0), whilst the sulfamic acid resulted
in the most promising catalyst (entry 10, Table 2), showing comparable conversion but
with a much higher selectivity towards the p,p′-DPA isomer (p,p′-DPA/o,p′-DPA molar
ratio of 7.4) and the yield of 51 mol%. Mthembu et al. [33] optimized the Response Surface
Methodology (Box–Behnken) for the condensation reaction between commercial LA and
phenol by employing methanesulfonic acid as the homogeneous catalyst. The effects of the
reaction time, temperature, and acid loading were investigated while keeping constant the
LA/phenol molar ratio (3.7). The highest overall DPA yield of 66 mol%, corresponding to a
yield of the p,p′-DPA isomer of 37 mol%, was achieved by working for 6 h at 75 ◦C with
a LA/catalyst ratio of 0.9 wt/wt (entry 11, Table 2). The same authors also tested H2SO4
(entry 5, Table 2) and p-toluenesulfonic acid (entry 9, Table 2), in both cases achieving higher
overall DPA yields than that reported for the methanesulfonic acid while working under
the same reaction conditions. However, the authors did not report the p,p′-DPA/o,p′-DPA
molar ratio reached with H2SO4 and p-toluenesulfonic acid; thus, further specific informa-
tion on the p,p′-DPA yield is not available. The increment of the amount of phenol up to
an LA/phenol ratio of 1/9.2 mol/mol was effective for improving the overall DPA yield
from 66 to 86 mol% (entry 12, Table 2) but, in this case as well, no further information was
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given on the p,p′-DPA isomer yield. Moreover, the authors synthesized LA from depithed
sugarcane bagasse as a real waste biomass to obtain an LA-rich liquor, working for 7 h at
100 ◦C in the presence of [EMim][HSO4] as both solvent and catalyst, thus achieving an LA
yield of 55 mol%. The crude LA-rich mixture further reacted with phenol under the same
reaction conditions (75 ◦C, 6 h, and 1/3.7 as the LA/phenol molar ratio), thus achieving a
total DPA yield of 65 mol% and proving that even crude LA derived from waste biomass
can be directly used for DPA production. Liu et al. compared the catalytic activity of
H2SO4 (entry 6, Table 2), triflic acid (entry 13, Table 2), and 3-mercaptopropyl sulfonic acid
(entry 14, Table 2) by keeping constant the reaction conditions (60 ◦C for 48 h and 1/4 as the
LA/phenol molar ratio), reaching the highest p,p′-DPA yield and p,p′-DPA/o,p′-DPA molar
ratio by working with 3-mercaptopropyl sulfonic acid (entry 14, Table 2) [22]. Considering
the promoting effect of the thiol groups, the mercaptoacetic acid was employed as an
additive for the H2SO4-catalyzed reaction (entry 7, Table 2), which only modestly improved
the p,p′-DPA yield from 61 to 68 mol%, but a reduction of the p,p′-DPA/o,p′-DPA molar
ratio was also ascertained. According to the available literature [31], the formation of the
o,p′-DPA isomer becomes relevant at high LA conversion under a regime of thermodynamic
control, whereas the use of thiol additives for improving the p,p′-DPA production can be
advantageous at low LA conversions, therefore working under kinetic control.

Isolation of DPA from a crude reaction mixture is a challenging topic, and only few
examples are available in the literature, which mainly apply to DPA synthesized in the
presence of a mineral acid (H2SO4 and HCl) as the catalyst. According to Bader [17], the
isolation of DPA from such a reaction environment can be realized by diluting the crude
reaction mixture with water and, next, extraction with ethyl acetate. The extract (containing
phenol and DPA) can be further extracted with an aqueous solution of sodium bicarbonate
to selectively deprotonate the DPA, which becomes soluble in the water phase. The latter is
acidified and extracted with ether, and the corresponding extract is stripped in vacuo to
yield the isolated DPA. Depending on the required purity degree, crude DPA can be further
crystallized, generally with organic solvents, such as aromatic hydrocarbons (toluene), but
also with water or ethanol.

2.2. DPA Synthesis with Heterogeneous Sulfonated Systems

Starting from the previous discussion, the use of heterogeneous catalysts that include
sulfonic groups has represented the smartest choice to be immediately developed. In this
context, many authors have proposed the use of heterogeneous systems, including the
sulfonic acid group, to perform the DPA synthesis. The main available results based on
such commercial and ad hoc synthesized catalysts are reported in Table 3.

Among the commercial, heterogeneous, sulfonic-acid-based systems, Amberlyst-15 is
the preferred choice according to entries 15–17 of Table 3, with the highest p,p′-DPA yield
(55 mol%) and p,p′-DPA/o,p′-DPA molar ratio (15.8), which were ascertained while working
at 60 ◦C for 24 h and employing an LA/phenol molar ratio of 1/4 and LA/catalyst weight
ratio of 4.4. Remarkably, comparing the results obtained with the same LA/phenol ratio
(1/4, according to entries 15 and 16), it is evident that a lower reaction temperature should
be preferred while compensating with a greater amount of the catalyst to obtain a similar
conversion of LA but significantly better selectivity control towards the p,p′-DPA formation.
Van De Vyver et al. [30] compared the catalytic activity of the Amberlyst-15 with that of
Nafion NR50 (entry 18, Table 3), highlighting that the latter led to a higher p,p′-DPA/o,p′-
DPA molar ratio while achieving similar LA conversion under the same reaction conditions.
Moreover, the authors synthesized a new class of sulfonated hyperbranched poly(arylene
oxindole)s (SHPAOs), which were tested for DPA synthesis. The macromolecular struc-
ture of these hyperbranched polymers positively acts on the increase in the functional
group density, which is a desirable aspect for developing catalytic applications. When
such catalysts were employed for the DPA synthesis, better performances than those of
Amberlyst-15 and Nafion NR50 were achieved, mainly in terms of higher conversion and
selectivity to the p,p′-DPA isomer (entry 19, Table 3). In addition to the desired p,p′-DPA
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product, the authors reported the formation of the o,p′-DPA isomer, as well as oligomeric
phenol derivatives and LA dimers [34]. Such condensation reactions are typical of the acid
catalysis approach, such as those occurring during BPA synthesis [35]. These side-reactions
involving LA, which represents the limiting reagent of DPA synthesis, must be avoided, as
they negatively impact p,p′-DPA selectivity. To selectively favor p,p′-DPA production, Van
De Vyver et al. [30] proposed the use of thiol as the additive, thus showing an improvement
in LA conversion and selectivity towards the p,p′-DPA isomer (entries 20–25, Table 3). By
adopting thiols with different chain lengths, the authors found that the phenol condensation
was the rate-determining step, and the condensation rate decreased in the following order:
ethanthiol > 1-propanethiol ≈ benzylthiol > 1-butanthiol > 2-propanethiol > 2-methyl-2-
propanethiol. This suggests that the reaction rate is significantly affected by the thiol steric
hindrance. These results agree with the work of Margelefsky et al. [36], who proposed that
the formation of the electrophilic sulfonium intermediate accelerates the condensation rate
towards the target product, thus preferentially shifting the regioselectivity towards the
p,p′-DPA isomer thanks to the introduction of minor steric hindrance of the thiol side chain.
In this context, the increase in the thiol steric hindrance significantly worsens the catalytic
activity and p,p′-DPA selectivity, making necessary the employment of an accessible thiol
group [30]. Moreover, it is well-known that the p,p′-DPA can isomerize to the o,p′-DPA
isomer in the presence of acid catalysts; thus, Van De Vyver et al. investigated in greater
depth the effect of thiol additives on this isomerization reaction [31]. They found that
thiols scarcely affected the isomerization step and the second condensation with phenol
to give DPA, whilst such additives play a key role in determining the regioselectivity
of the first condensation step of LA with phenol to give MPA. An appropriate balance
between the acidity of the catalyst and the steric hindrance and the amount of the thiol
additive represents the right solution to achieve high p,p′-DPA yields. In particular, the
choice of a low SO3H/SH ratio is effective in favoring the reaction rate and increasing
the p,p′-DPA/o,p′-DPA molar ratio (compare entry 23 with entry 26, Table 3). Based on
such promising results, the authors also investigated the post-synthetic modification of
SHPAOs by incorporating aminothiols, such as 2-mercaptoethylamine (SHPAOs-MEA) and
4-(2-thioethtyl)-pyridine (SHPAOs-TEP) (entries 27 and 28, Table 3). Both of these catalysts
led to a significant improvement in the LA conversion and regioselectivity control to the
p,p′-DPA when compared with the absence of the thiol additive (entry 19, Table 3). More
recently, Zhu et al. [19] prepared magnetic catalysts to be employed in the DPA synthe-
sis from LA. In this context, an N-doped carbon nanotube modified with -SO3H groups
encapsulating Fe, Ni, or Co nanoparticles (Fe@NC-SO3H, Ni@NC-SO3H, Co@NC-SO3H)
were synthesized. All of the investigated heterogeneous catalysts gave the best perfor-
mances in terms of higher LA conversions, p,p′-DPA/o,p′-DPA molar ratios, and p,p′-DPA
yields (entries 29–31, Table 3) compared to those achieved with H2SO4 under the same
reaction conditions (entry 4, Table 2). Remarkably, Co@NC-SO3H was the most promising
catalyst, leading to the highest p,p′-DPA yield of 63 mol% (entry 31, Table 3). The authors
attributed these valuable catalytic performances to the regular microstructure and larger
specific surface area of Co@NC-SO3H, which resulted in a more uniform distribution and
easier accessibility of the SO3H groups on the catalyst’s surface. At the end of the reaction,
the catalyst was magnetically separated and employed in recycling tests, showing good
performances after four cycles. The authors attributed the high stability of this catalyst
to its encapsulated structure, which protects the internal metal nanoparticles from un-
wanted degradation processes, such as leaching. The stability of the recovered nanotubes
was experimentally confirmed by verifying the absence of Co in the reaction medium,
the uniform distribution of -SO3H groups on the catalyst’s surface, and the presence of
encapsulated Co nanoparticles. In addition, Zhu et al. [19] studied the role of thiol in the
improvement of p,p′-DPA production by adopting the same Co@NC-SO3H system. Again,
a small thiol (namely, mercaptoacetic acid) was effective in improving both LA conversion
and the p,p′-DPA/o,p′-DPA molar ratio (entry 32, Table 3). The adoption of longer reaction
times (from 24 to 48 h) improved the LA conversion and the p,p′-DPA yield (91 mol%),
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keeping almost constant the p,p′-DPA/o,p′-DPA molar ratio (entry 33, Table 3). The authors
also investigated the catalytic performances of mercaptoacetic acid and Co@NC alone to
exclude any relevant catalytic activity due to their individual contributions. In both cases,
the LA conversion was lower than 5 mol% and no DPA was detected, thus proving that
mercaptoacetic acid had a too-low acidity and that the -SO3H groups were the effective
active sites of the catalyst. An overall evaluation of the data related to sulfonated catalysts
highlights good catalytic performances for the Amberlyst-15 sulfonic resin and, even bet-
ter, excellent performances for the synthesized Co@NC catalytic system, which is easily
recoverable and thermally stable.

Table 3. Heterogeneous catalysts with sulfonic acids applied to the synthesis of DPA.

Entry LA/Phenol
(mol/mol) Catalyst (gLA/gcat)

Additive
(molLA/moladditive) T (◦C) t

(h)
CLA

(mol%)
Yp,p ′-DPA
(mol%)

p,p′-DPA/o,
p′-DPA Molar

Ratio
Ref.

15 1/4 Amberlyst-15 (6.1) / 120 24 64 6 0.4 [27]

16 1/4 Amberlyst-15 (4.4) / 60 24 70 55 15.8 [19]

17 1/3 Amberlyst-15 (9.0) / 100 16 34 14 4.0 [30]

18 1/3 Nafion NR50 (1.7) / 100 16 36 24 5.8 [30]

19 1/3 SHPAOs a (7.6) / 100 16 40 35 7.6 [30]

20 1/3 SHPAOs a (7.6) Benzylthiol (15.5) 100 16 65 42 15.6 [30]

21 1/3 SHPAOs a (7.6) Ethanethiol (15.5) 100 16 70 53 19.5 [30]

22 1/3 SHPAOs a (7.6) 1-Propanethiol
(15.5) 100 16 65 49 17.6 [30]

23 1/3 SHPAOs a (7.6) 1-Butanethiol
(15.5) 100 16 60 38 14.0 [30]

24 1/3 SHPAOs a (7.6) 2-Propanethiol
(15.5) 100 16 54 38 12.0 [30]

25 1/3 SHPAOs a (7.6)
2-Methyl-2-

propanethiol
(15.5)

100 16 39 26 10.5 [30]

26 1/3 SHPAOs a (7.6) 1-Butanethiol
(3.9) 100 32 93 n.a. d 20.0 [31]

27 1/3 SHPAOs-MEA b (8.2) / 100 16 59 38 9.8 [30]

28 1/3 SHPAOs-TEP c (10.1) / 100 16 57 35 15.5 [30]

29 1/4 Fe@NC-SO3H d (1.2) / 60 24 69 49 17.5 [19]

30 1/4 Ni@NC-SO3H d (1.9) / 60 24 72 57 17.2 [19]

31 1/4 Co@NC-SO3H d (2.1) / 60 24 74 63 16.9 [19]

32 1/4 Co@NC-SO3H d (2.1)
Mercaptoacetic

acid (5.0) 60 24 82 76 24.4 [19]

33 1/4 Co@NC-SO3H d (2.1)
Mercaptoacetic

acid (5.0) 60 48 98 91 23.7 [19]

a Sulfonated hyperbranched poly(arylene oxindole)s; b Sulfonated hyperbranched poly(arylene oxindole)s
modified with 2-mercaptoethylamine; c Sulfonated hyperbranched poly(arylene oxindole)s modified with 4-(2-
thioethyl)-pyridine; d Sulfonated N-doped carbon nanotube.

2.3. DPA Synthesis with Heteropolyacids

The heteropolyacids are another class of acid catalysts that have been employed in
the synthesis of DPA. They have a higher acid strength than traditional solid acids (oxides
and zeolites) and are less corrosive than mineral ones [16]. On this basis, several types
of heteropolyacids have been synthesized and studied for DPA synthesis (Table 4) while
working in the absence of thiol additives.
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Table 4. Heteropolyacids applied to the synthesis of DPA.

Entry LA/Phenol
(mol/mol) Catalyst (gLA/gcat)

T
(◦C)

t
(h) CLA (mol%) Yp,p ′-DPA

(mol%)

p,p′-DPA/o,
p′-DPA Molar

Ratio
Ref.

34 1/4 H3PW12O40 (4.0) 100 6 55 46 a n.a. b [16]

35 1/4 H4SiW12O40 (4.0) 100 6 69 25 a n.a. b [16]

36 1/4 H4SiMo12O40 (6.4) 100 6 79 17 a n.a. b [16]

37 1/4 H3PW12O40 (4.0) 140 6 87 82(85 a) 28.0 [16]

38 1/7 H3PW12O40 (7.9) 100 24 n.a. b 1 2.4 [20]

39 1/3 H3PW12O40 (4.2) 100 16 55 31 8.7 [30]

40 1/3 H3PW12O40 (8.0) 100 6 33 18 1.5 [18]

41 1/3 H6P2W18O62 (8.0) 100 6 39 29 3.5 [18]

42 1/4 H3PW12O40/SiO2-E-4.0 c (8.0) 100 8 24 1 3.6 [32]

43 1/4 H3PW12O40/SiO2-E-7.5 c (8.0) 100 8 31 2 2.8 [32]

44 1/4 H3PW12O40/SiO2-E-14.5 c (8.0) 100 8 75 21 3.0 [32]

45 1/4 H3PW12O40/SiO2-E-17.5 c (8.0) 100 8 80 27 2.8 [32]

46 1/4 H3PW12O40/SiO2-C-7.5 c (8.0) 100 8 19 1 2.1 [32]

47 1/7 H3PW12O40/SiO2-3Dhex-C-7.5
d (7.9) 100 24 n.a. b 4 1.6 [20]

48 1/7 H3PW12O40/SiO2-3Dhex-C-11.1
d (7.9) 100 24 n.a. b 14 1.8 [20]

49 1/7 H3PW12O40/SiO2-3Dhex-C-14.5
d (7.9) 100 24 n.a. b 13 1.3 [20]

50 1/7 H3PW12O40/SiO2-3Dhex-C-15.8
d (7.9) 100 24 n.a. b 12 1.1 [20]

51 1/7 H3PW12O40/SiO2-3Dhex-C-29.9
d (7.9) 100 24 n.a. b 12 1.7 [20]

52 1/7 H3PW12O40/SiO2-3Dhex-C-35.2
d (7.9) 100 24 n.a. b 9 1.7 [20]

53 1/7 H3PW12O40/SiO2-3Dhex-C-43.6
d (7.9) 100 24 n.a. b 9 1.7 [20]

54 1/7 H3PW12O40/SiO2-2Dhex-C-11.7
d (7.9) 100 24 n.a. b 3 3.3 [20]

55 1/7 H3PW12O40/SiO2-2Dhex-E-11.1
d (7.9) 100 24 n.a. b 6 3.3 [20]

56 1/3 Cs1.5H4.5P2W18O62 (8.0) 100 6 36 31 7.3 [18]

57 1/3 Cs2.5H0.5PW12O40 (8.0) 100 6 28 22 4.0 [18]

58 1/9 Cs1.5H4.5P2W18O62 (4.0) e 150 10 n.a. b 62 7.3 [18]

59 1/4 Cs2.5H0.5PW12O40 (4.0) e 150 10 n.a. b 37 4.9 [18]

a Yield of p,p′-DPA + o,p′-DPA; b n.a.= Not available; c Calcined(C)/extracted(E)H3PW12O40-silica materials with
x wt% of H3PW12O40;

d Hexagonal(hex) calcined(C)/extracted(E) 3D/2D H3PW12O40-silica materials with x wt%
of H3PW12O40; e The test was carried out with a stirring rate of 1200 rpm.

Rahaman et al. [16] prepared different Keggin-type heteropolyacids ([XM12O40]n−),
including phosphotungstic acid (H3PW12O4), silicotungstic acid (H4SiW12O40), and silico-
molybdic acid (H4SiMo12O4), and compared their catalytic performances under the same
reaction conditions (entry 34–36, Table 4). The authors proved that all of the tested catalysts
were active in LA conversion, which was always higher than 55 mol%, but only H3PW12O4
gave a good DPA yield (46 mol%) while at the same time showing higher selectivity to the
p,p′-DPA. Because of the higher productivity obtained with H3PW12O4, it was employed
for further optimization of the reaction. Regarding the catalyst amount, the authors found
that its increased sped up LA conversion, but it did not affect the selectivity towards DPA.
On the other hand, the temperature increase was effective for improving the LA conversion
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and the p,p′-DPA/o,p′-DPA molar ratio, thus proving that the regioselectivity control of
this reaction greatly depends on the temperature. The highest p,p′-DPA/o,p′-DPA molar
ratio (28.3) was reached at 140 ◦C, together with LA conversion of 87 mol% and a p,p′-DPA
yield of 82 mol% (entry 37, Table 4). At the state of the art, H3PW12O4 is the most studied
heteropolyacid for the synthesis of DPA, and it was reported as the catalyst of reference in
the works of Li et al. [20], Van De Vyver et al. [30], and Yu et al. [18]. However, lower LA
conversions and p,p′-DPA yields were reported in all of these studies (entries 38–40, Table 4)
when compared with the results of Rahaman et al. (entry 37, Table 4) [16]. Interestingly,
Yu et al. [18] also employed Wells–Dawson phosphotungstic acid (H6P2W18O62), claiming
higher LA conversion, p,p′-DPA/o,p′-DPA molar ratio, and p,p′-DPA yield (entry 41, Table 4)
with respect to the Keggin phosphotungstic acid (H3PW12O4). Some bottlenecks still limit
the employment of heteropolyacids, including small specific surface area (1–5 m2/g) and
good solubilities in polar solvents, which limit their recovery/reuse. To overcome these
issues, some smart strategies have been proposed, such as their immobilization on solid
supports and the exchange of protons with large alkali cations, to form insoluble salts.
The first approach was proposed by Guo et al. [32], who prepared some mesostructured
silica-supported H3PW12O4 catalysts with different heteropolyacids loadings. This goal
was achieved through the contemporary hydrolysis and condensation of tetraethoxysilane
(TEOS) with H3PW12O4 in the presence of a template surfactant (Pluronic P123), followed
by the hydrothermal treatment and template removal through calcination or extraction
with boiling ethanol. This one-pot synthesis is smarter than the traditional post-synthesis
grafting method, because the latter results in poor control of the heteropolyacid loadings
and not negligible leaching phenomena. Moreover, the employment of a non-ionic surfac-
tant (Pluronic P123) is effective for weakening the interactions between the template and
the inorganic walls; thus, it can be easily removed (through solvent extraction or calcination
at low temperatures) without damaging the catalyst structure. The authors investigated
the effect of the H3PW12O4 loading, finding that its increment was effective for improving
the LA conversion and p,p′-DPA yield, but a slight decrease in the p,p′-DPA/o,p′-DPA
molar ratio was also observed (entries 42–45, Table 4). Moreover, the catalytic activities
of the catalysts having the same H3PW12O4 loading but resulting from different template
removal were compared, demonstrating that the extracted catalyst (H3PW12O40/SiO2-E-7.5,
entry 43, Table 4) led to higher LA conversion and p,p′-DPA/o,p′-DPA molar ratio than
the calcined one (H3PW12O40/SiO2-C-7.5, entry 46, Table 4). The authors ascribed this
different catalytic behavior to the different textural properties, and, in particular, to the nar-
rower pore sizes of H3PW12O40/SiO2-C-7.5 (6.0 nm) with respect to H3PW12O40/SiO2-E-7.5
(7.2 nm). Given the large dimensions of the DPA molecule, a catalyst with a large pore
size is more suitable for allowing the accessibility of the reactants on the acid sites, as
well as the next desorption of the produced DPA from its surface. On the other hand,
the narrow pores may cause an increment of the internal mass transfer limitation and,
consequently, slower substrate conversion. Moreover, the calcination of the catalyst at
420 ◦C caused the loss of some acid sites, leading to a lower activity of H3PW12O40/SiO2-C-
7.5 with respect to H3PW12O40/SiO2-E-7.5. Finally, the authors investigated the recyclability
of the prepared catalysts. At the end of the reaction, the catalyst was separated through
filtration and then washed with water and ethanol and calcined at 120 ◦C under vacuum for
1 h. This spent catalyst was employed within two following reactions, partially losing the
catalytic performances after the first recycle run and completely losing it after the second
one. This evident worsening aspect was not due to the leaching of H3PW12O40 (its absence
in the reaction medium was verified through ICP-AES analysis), but rather the strong
adsorption of DPA on the catalyst surface. This hypothesis was confirmed by restoring
the initial activity through calcination of the spent catalyst at higher temperatures. The
same authors deeply investigated the synthesis of these H3PW12O40-silica materials and,
properly adjusting the composition ratios of the precursors, temperature, and acidity of
the solution, they prepared well-defined ordered mesoporous catalysts with a 2D or 3D
hexagonal structure and tested them in the synthesis of DPA [20]. First, they studied the
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influence of the LA/phenol molar ratio; in principle, an excess of phenol was employed,
but molar ratios that are too low could limit DPA formation due to the dilution effect
of phenol towards LA. Once having identified the best LA/phenol molar ratio (fixed at
1/7), the authors studied the influence of the H3PW12O40 loading supported on the 3D
hexagonal structure (entries 47–53, Table 4). The highest p,p′-DPA yield of 14 mol% was
achieved with the 11.1 wt% loading of H3PW12O40, highlighting that lower loading gave
insufficient active sites and that the reaction was particularly slow. On the other hand,
higher loadings led to the aggregation of heteropolyacid units at the catalyst surface, thus
reducing the available surface of the active sites. Moreover, considering the catalysts with
similar H3PW12O40 loading obtained through the same template removal method, the
3D hexagonal silica material led to higher catalytic activity than the 2D hexagonal one
(compare entries 48 and 54, Table 4). In fact, the 3D morphology allows for more efficient
transport of the reactant molecules in many more directions through an easier diffusion
than the 2D morphology. Lastly, in the same work, the authors confirmed that the template
removal through the extraction route should be preferred, as it allows for a higher structural
ordering and catalytic activity (compare entries 54 and 55, Table 4). The recyclability of the
best-performing catalyst (H3PW12O40/SiO2-3Dhex-C-11.1) was investigated and, as in the
previous case, a bulk loss of activity after three runs was ascertained, which was mainly
attributed to the strong adsorption of the DPA molecules on the catalyst surface. However,
after calcination at 420 ◦C for 1 h, the pristine catalytic activity was almost completely re-
stored. In developing a different approach, protons of heteropolyacids are often exchanged
with large alkali cations, thus obtaining the corresponding insoluble salts in the polar
reaction medium and improving the catalyst recovery. In this context, Yu et al. [18] partly
substituted the protons of Keggin (CsxH3−xPW12O40 with x = 1.0–2.5) and Wells–Dawson
(CsxH6−xP2W18O62 with x = 1.5–4.5) heteropolyacids with cesium, and they found that the
latter led to higher p,p′-DPA yields and p,p′-DPA/o,p′-DPA molar ratios than the Keggin-
type catalysts when tested under the same reaction conditions (entries 56 and 57, Table 4).
This different behavior depended on the different reaction mechanisms of Wells–Dawson
and Keggin-type catalysts. In fact, the adsorption ability of Wells–Dawson heteropolyacids
strongly depended on the content of cesium, which gradually decreased by increasing the
cesium content, whilst the adsorption ability of Keggin heteropolyacids was related to their
specific surface area. These properties suggested that with the Wells–Dawson catalysts,
the reaction proceeded in the pseudo-liquid phase; thus, the polar molecules as LA can be
rapidly adsorbed into the catalyst and react there. This pseudo-liquid phase mechanism
often allows for reaching high catalytic activity and promising selectivity. On the other
hand, with the Keggin heteropolyacids, the reaction proceeded according to a surface-type
mechanism, where the adsorption–desorption step was generally slow, thus justifying the
more interesting results achieved with the Wells–Dawson catalysts. The authors selected
the most active catalysts for the Wells–Dawson and Keggin-type heteropolyacids (namely,
Cs1.5H4.5P2W18O62 and Cs2.5H0.5PW12O40, respectively) and studied the influence of sev-
eral reaction parameters. They found that the increment of phenol improved the DPA
yield without any appreciable change in selectivity to the p,p′-DPA isomer. On this basis,
the optimal LA/phenol molar ratio was fixed to 1/9 and 1/4 for the Cs1.5H4.5P2W18O62
and Cs2.5H0.5PW12O40, respectively. Analogously, the increment in the catalyst amount
promoted the DPA yield, together with a negligible effect on the reaction selectivity. On the
contrary, the temperature affected not only the DPA yield but also the p,p′-DPA selectivity.
Moving from 80 to 150 ◦C, the p,p′-DPA selectivity increased from 70 to 85 mol% for the
Keggin-type heteropolyacid and from 76 to 89 mol% for the Wells–Dawson one. Moreover,
the authors proved the presence of external diffusion limitations with both catalysts by
changing the stirring speed from 800 to 1200 rpm, with the latter further improving the DPA
yield. Once having optimized the reaction conditions, the highest p,p′-DPA yields obtained
with Wells–Dawson and Keggin-type heteropolyacids were 62 and 37 mol%, respectively
(entries 58 and 59, Table 4). The recyclability of these heteropolyacids was investigated,
and, for this purpose, the recovered catalysts were washed with ethanol and calcined
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at 100 ◦C for 1 h. The catalytic performances did not significantly change during three
recycle tests, and the ICP-AES analysis of the reaction mixtures confirmed the absence of
leaching phenomena, thus demonstrating the catalyst’s stability. In conclusion, considering
the available data on heteropolyacids, the best catalytic performances are achieved with
cesium-based systems combining high yields/selectivity to the p,p′-DPA, with an excellent
advantage for its recovery/reuse.

2.4. DPA Synthesis with Other Heterogeneous Systems: Zeolites and Modified Metal Silicas

Acid zeolites and metal oxides are often exploited in the field of acid catalysis due
to their mild acidity, which is effective for reducing corrosion issues, as well as being
more easily recoverable from the reaction medium and, in many cases, easily recyclable.
Their catalytic performances strongly depend on the nature, number, and distribution
of acid sites, differentiating them from Brønsted and Lewis ones. Such heterogeneous
catalysts have also been employed for DPA synthesis (Table 5) working in the absence of
thiol additives.

Table 5. Zeolites and modified metal oxides applied to the synthesis of DPA.

Entry LA/Phenol
(mol/mol) Catalyst (gLA/gcat)

T
(◦C)

t
(h) CLA (mol%) Yp,p ′-DPA

(mol%)

p,p′-DPA/o,
p′-DPA Molar

Ratio
Ref.

60 1/4 Pr-SO3H-SBA-15 c (6.1) 120 24 38 2 0.4 [27]

61 1/4 Ar-SO3H-SBA-15 d (6.1) 120 24 41 3 0.3 [27]

62 1/4 Nafion-SBA-15 (6.1) 120 24 38 5 0.5 [27]

63 1/4 n-ZSM-5 (6.1) 120 24 26 1 4.9 [27]

64 1/4 H-USY (6.1) 120 24 37 8 2.0 [27]

65 1/4 H-Beta 12.5 (6.1) 120 24 44 33 99 [27]

66 1/4 H-Beta 19 (6.1) 120 24 48 40 a n.a. b [27]

67 1/4 H-Beta 75 (6.1) 120 24 57 45 a n.a. b [27]

68 1/4 H-Beta 180 (6.1) 120 24 49 27 a n.a. b [27]

69 1/6 H-Beta 19 (4.6) 140 72 77 69 99 [27]

a Yield of p,p′-DPA + o,p′-DPA; b n.a. = not available; c Propylsulfonic-acid functionalized mesostructured silica;
d Arenesulfonic-acid functionalized mesostructured silica.

Morales et al. [27] compared the catalytic activity of different modified metal oxides
(propylsulfonic-acid mesostructured silica, arenesulfonic-acid functionalized mesostruc-
tured silica, and Nafion supported mesostructured silica, entries 60–62, Table 5), zeo-
lites (n-ZSM-5, H-USY and H-Beta, entries 63–65, Table 5), and sulfonic-acid-based resins
(Amberlyst-15, entry 15, Table 3) while keeping constant the reaction conditions. Amberlyst-
15 was found to be the most active catalyst, leading to the highest LA conversion (64 mol%)
but to a very low p,p′-DPA yield (6 mol%), thus highlighting a very poor selectivity. Simi-
larly, the modified SBA-15 silicas showed modest LA conversions and very low DPA yields.
These results can be attributed to the presence of strong Brønsted acid sites that promoted
undesired pathways, thus causing the LA conversion to by-products. However, the authors
did not provide further insight into such by-products. On the other hand, among the
tested zeolites, the H-Beta allowed for the achievement of the highest LA conversion of
44 mol%, a p,p′-DPA yield of 33 mol%, and a p,p′-DPA/o,p′-DPA molar ratio of 99 when
performing the reaction at 120 ◦C for 24 h (entry 65, Table 5), thus exploiting the appropriate
combination of pore size, structure, type, and strength of acid sites. Moreover, a marked
difference between the selectivity of the sulfonic catalysts and zeolites was ascertained:
the former preferentially led to the formation of the o,p′-DPA, whereas the latter led to the
desired p,p′-DPA. Because the best catalytic performances were achieved with the H-Beta
zeolite, the authors focused on the investigation of the influence of the Si/Al ratio for this
type of system by increasing it from 12.5 to 180 (entries 65–68, Table 5). The H-Beta 75
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was the most active catalyst, thus leading to the highest LA conversion and DPA yield,
but the selectivity, equal to 78 mol%, was lower than that achieved with the H-Beta 19
(84 mol%). The authors assigned the best catalytic performances of the H-Beta 19 due to
the right Brønsted/Lewis acid sites ratio, which was even more thoroughly evaluated by
considering the strong acid sites (strong Brønsted/strong Lewis acid sites ratio equal to
about 2.0). After the optimization of the reaction using the Response Surface Methodology,
the authors claimed that all of the investigated independent variables (namely, temperature,
H-Beta 19 loading, and LA/phenol molar ratio) positively affected the LA conversion and
overall DPA yield. The highest overall DPA yield of 70 mol%, with the corresponding LA
conversion of 77 mol%, was achieved after 72 h at 140 ◦C by employing the LA/phenol
molar ratio of 1/6. It is noteworthy that the excellent p,p′-DPA/o,p′-DPA molar ratio of 99
was kept under these reaction conditions, corresponding to a p,p′-DPA yield of 69 mol%
(entry 69, Table 5). The recyclability of the H-Beta 19 catalyst was investigated in three
subsequent runs after washing with acetone and drying at room temperature overnight.
The recycled catalyst showed a decrease in DPA yield up to 28 mol% after the third run,
with a negligible change in the LA conversion, thus highlighting a loss of selectivity. The
authors proved the presence of organic compounds on the catalyst surface, which are
responsible for the deactivation issues. However, the pristine activity was almost totally
restored through calcination in air at 550 ◦C for 5 h.

On the basis of the above data, the use of zeolites for this condensation reaction is
promising, considering that the zeolite pore size and structure must be adequate for the
molecules of interest, as well as the type and strength of the acidity. In this regard, a
moderate strength of acid sites should be preferred for p,p′-DPA synthesis in order to
avoid undesirable side-reactions, which typically occur in the presence of strong Brønsted
acid catalysts. For this purpose, the Si/Al ratio represents the key parameter affecting
the acid properties of these catalysts, determining not only the amount and concentration
of acid sites but also their nature (Brønsted and Lewis) and strength. Therefore, Beta
zeolite with a moderate aluminum content (H-Beta 19, Si/Al = 23) represents the best
catalyst to perform the solvent-free condensation between LA and phenol owing to the
shape selectivity conferred by its structure and the adequate balance of acidity (Al content
and speciation).

2.5. DPA Synthesis with Other Catalysts: Ionic Liquids

Ionic liquids are well-known, robust, and designable organic salts typically composed
of large cations and small anions that can find applications as solvents and catalysts for
carrying out the syntheses of several bio-based compounds [37]. In the field of DPA
synthesis, acid ionic liquids have been proposed for the condensation reaction between LA
and phenol. The most significant results available for such catalysts are summarized in
Table 6.

Shen et al. [21] tested different ionic liquids, again proposing the use of ethanethiol
as the additive for further improving the catalytic performances. Remarkably, it was
found that [BSMim]CF3SO3 was the most active and selective towards the p,p′-DPA isomer,
reaching the maximum LA conversion of 81 mol% and the p,p′-DPA yield of 79 mol%
(entry 70, Table 6), a promising result attributed to the in situ formation of HF, which is
mainly responsible for the acid catalysis. [BSMim]OAc and [BSMim]HSO4 were also active,
but the former led to only moderate results because of its lower acidity, thus demonstrating
the key role of the anion (entries 71 and 72, Table 6). However, the cation also strongly influ-
enced the catalytic activity of the ionic liquids, as shown by [BSMim]HSO4 and [BPy]HSO4
systems (entries 72 and 73, Table 6), with the former leading to higher LA conversion and
p,p′-DPA yield due to the presence of the sulphonic acid in the [BSMim]HSO4 cation. The
importance of -SO3H groups in the cation/anion of the ionic liquid is also highlighted
by the lower LA conversion, p,p′-DPA yield, and p,p′-DPA/o,p′-DPA molar ratio achieved
with [AMim]Br and [BMim]Cl (entries 74 and 75, Table 6). Moreover, the authors inves-
tigated the effect of the additive (ethanethiol) for the improvement of the catalysis with
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[BSMim]CF3SO3, which was identified as the most active catalyst (entry 70, Table 6). For
the test carried out in the absence of the additive (entry 76, Table 6), a significant worsening
of the p,p′-DPA/o,p′-DPA molar ratio was ascertained, thus confirming that the regioselec-
tivity of the reaction depends on the synergy between the type of ionic liquid and additive.
However, although [BSMim]CF3SO3 was identified as the best catalyst, its synthesis is diffi-
cult and expensive; thus, the optimization of the DPA synthesis was developed employing
[BSMim]HSO4 as the catalyst, which allowed for achieving similar promising results (entry
72, Table 6). Temperature, LA/phenol molar ratio, LA/catalyst weight ratio, and time
were optimized (60 ◦C, 1/4.5, 0.3, and 30 h, respectively), thus improving the p,p′-DPA
yield up to 93 mol% without any marked drop in selectivity (entry 77, Table 6). At the end
of the reaction, the ionic liquid was regenerated through ethyl acetate extraction, and it
was recycled up to four runs. Only a slight decrease in the p,p′-DPA yield up to the value
of 85 mol% was observed, which was mainly attributed to some loss of the ionic liquid
that occurred during the separation step. Mthembu et al. [33] employed [EMIM][OTs]
and [BMim]HSO4, considering the catalysis with H2SO4 (entry 5, Table 2), p-TSA (entry 9,
Table 2), and CH3SO3H (entry 11, Table 2), for comparison purposes. Maximum DPA yields
of 59 and 68 mol% were obtained with such ionic liquids (entries 78 and 79, Table 6), which
are comparable to those already reported for the homogeneous catalysts. In addition, Liu
et al. [22] tested several ionic liquids with Brønsted acidity (for which the corresponding
chemical structures are reported in Appendix A), highlighting an unclear relationship
between their acid strength and the corresponding catalytic activity, which decreased in
the order of 4b > 1a > 4a = 2 > 5 > 6 > 3 > 1c > 1d (entries 80–88, Table 6). Remarkably, the
highest p,p′-DPA yield of 74 mol% was achieved with the ionic liquid 4b, which included a
thiol group. Exploiting again the beneficial effect of the thiol group on this condensation
reaction, the authors proposed the simultaneous use of mercaptoacetic acid and the most
interesting ionic liquids (namely, 1a, 2, 3, 4a, 5, and 6) (entries 89–94, Table 6). The claimed
results confirmed the positive role of thiol for the improvement of the p,p′-DPA yield, which
increased up to 71–84 mol% depending on the employed ionic liquid. However, at the
same time, a decrease in the p,p′-DPA/o,p′-DPA molar ratio was ascertained, which seems
in disagreement with the findings reported in the literature. In any case, the thiol effect
must be considered not only in terms of the thermodynamic aspects but also kinetic ones,
and it should be better exploitable at lower LA conversions [31]. Due to the presence of the
thiol group in the 1b and 4b ionic liquids, these were tested as additives together with the
4a ionic liquid as the main acid catalyst (entries 95 and 96, Table 6). The authors claimed
further improvement of the p,p′-DPA yield and p,p′-DPA/o,p′-DPA molar ratio, proving
that thiol-containing anions of ionic liquid play a key role in the optimization of p,p′-DPA
synthesis.

According to the above data, the fine tunability of the catalytic properties of the
ionic liquids certainly offers remarkable advantages for improving DPA synthesis by
exploiting the Brønsted sulfonic groups to promote the LA conversion according to the
general mechanism already discussed for the other Brønsted acids (Figure 2). Moreover, the
inclusion of a thiol group within the anion of the ionic liquid remarkably improved both the
yield and selectivity of the p,p′-DPA. Although mechanistic details have not been provided
by the authors, the improved selectivity of the p,p′-DPA isomer could be attributed to the
improved cooperation between the thiol group and its cationic counterpart in the ionic
liquid. However, the main bottleneck limiting the use of ionic liquids for such industrial
applications is their high cost in addition to their uneasy isolation/reuse, which requires an
additional separation step of the reaction mixture using an appropriate solvent extraction
given the high boiling points of the involved compounds.
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Table 6. Ionic liquids applied to the synthesis of DPA.

Entry LA/Phenol
(mol/mol)

Catalyst
(gLA/gcat)

Additive
(molLA/moladditive) T (◦C) t (h) CLA

(mol%)
Yp,p ′-DPA
(mol%)

p,p′-DPA/o,
p′-DPA Molar

Ratio
Ref.

70 1/4 [BSMim]CF3SO3
a (0.6) Ethanethiol (100) 60 24 81 79 100 [21]

71 1/4 [BSMim]OAc b (0.8) Ethanethiol (100) 60 24 35 34 100 [21]

72 1/4 [BSMim]HSO4
c (0.7) Ethanethiol (100) 60 24 75 74 100 [21]

73 1/4 [BPy]HSO4
d (1.0) Ethanethiol (100) 60 24 68 67 90 [21]

74 1/4 [AMim]Br e (1.1) Ethanethiol (100) 60 24 18 10 3.1 [21]

75 1/4 [BMim]Cl f (1.3) Ethanethiol (100) 60 24 14 11 4.6 [21]

76 1/4 [BSMim]CF3SO3
a (0.6) / 60 24 73 70 22.3 [21]

77 1/4.5 [BSMim]HSO4
c (0.3) Ethanethiol (100) 60 30 n.a. g 93 100 [21]

78 1/3.7 [EMIM][OTs] h (0.9) / 75 6 n.a. g 59 i n.a. g [33]

79 1/3.7 [BMim]HSO4
j (0.9) / 75 6 n.a. g 68 i n.a. g [33]

80 1/4 1a (0.8) k / 60 48 70 52 16.0 [22]

81 1/4 1c (0.7) k / 60 48 n.a. g 34 32.0 [22]

82 1/4 1d (0.6) k / 60 48 n.a. g 13 30.0 [22]

83 1/4 2 (0.6) k / 60 48 n.a. g 48 21.0 [22]

84 1/4 3 (0.7) k / 60 48 n.a. g 43 33.0 [22]

85 1/4 4a (0.8) k / 60 48 n.a. g 48 32.0 [22]

86 1/4 4b (0.8) k / 60 48 n.a. g 74 50.0 [22]

87 1/4 5 (0.7) k / 60 48 n.a. g 47 33 [22]

88 1/4 6 (0.7) k / 60 48 n.a. g 46 33 [22]

89 1/4 1a (0.8) k Mercaptoacetic
acid (20.0) 60 48 n.a. g 71 9.0 [22]

90 1/4 2 (0.6) k Mercaptoacetic
acid (20.0) 60 48 n.a. g 72 9.0 [22]

91 1/4 3 (0.7) k Mercaptoacetic
acid (20.0) 60 48 n.a. g 78 9.0 [22]

92 1/4 4a (0.8) k Mercaptoacetic
acid (20.0) 60 48 n.a. g 84 20.0 [22]

93 1/4 5 (0.7) k Mercaptoacetic
acid (20.0) 60 48 n.a. g 73 13.0 [22]

94 1/4 6 (0.7) k Mercaptoacetic
acid (20.0) 60 48 n.a. g 73 9.0 [22]

95 1/4 4a (0.9) k 1b (20.0) 60 48 n.a. g 85 100 [22]

96 1/4 4a (0.9) k 4b (20.0) 60 48 n.a. g 91 100 [22]

a 1-(4-sulphonic acid)butyl-3-methylimidazolium triflate; b 1-(4-sulphonic acid)butyl-3-methylimidazolium ac-
etate; c 1-(4-sulphonic acid)butyl-3-methylimidazolium hydrogen sulphate; d 1-butylpyridinium hydrogen sul-
phate; e 1-allyl-3-methylimidazolium bromide; f 1-butyl-3-methylimidazolium chloride; g n.a. = not available;
h 1-ethyl-3-methylimidazolium tosylate; i yield of p,p′-DPA + o,p′-DPA; j 1-butyl-3-methylimidazolium hydrogen
sulphate; k chemical structure is reported in Appendix A.

3. Applications of DPA: Challenges and Opportunities

The presence of one carboxyl group and two phenolic ones makes DPA an interesting
molecule to be exploited for the synthesis of a plethora of more added-value bio-products.
On the other hand, the reactivity of DPA must be properly controlled to avoid unwanted
reactions, including its self-condensation [29,38]. Moreover, it can undergo oxidation
and degradation over time [39,40], which can limit its shelf life and usability in several
applications, thus requiring careful attention to its stability during the synthesis of the DPA-
derived polymers; for instance, when transforming the carboxyl group of DPA in esters,
ethers, or amide derivatives [41,42]. To date, DPA has been exploited for the synthesis of
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epoxy and phenolic resins [6,43] as well as other polymers, such as polycarbonates [44,45],
polyarylates [46], and polyesters [47]. Both DPA-based epoxy and phenolic resins find
applications in the production of composites, adhesives, and coatings [48,49]. Some niche
applications of DPA have been proposed, including the production of thermal paper
for printers [50], coatings, and adhesives [51–53]. Moreover, DPA and its derivatives
show good antioxidant, antiviral, and antibacterial properties, making them suitable for
the development of valuable applications in the cosmetic, food, textile, and polymer
sectors [27,33,54,55]. Such materials could be obtained from the diphenolate derivatives. In
this context, alkyl levulinates (ALs) were proposed by Olson in 2001 [56] as a replacement
for LA in the synthesis of new diphenolate esters (DPEs). Remarkably, the reaction between
ethyl levulinate (EL) and phenol under conditions analogous to those used for LA enables
the production of DPE, but only in low yields, thus highlighting a much more moderate
reactivity of the ALs. However, when the reaction conditions were properly modified, very
high yields of the DPE (95 mol%) were ascertained, which were even greater than those
obtained when starting from LA (67 mol%). The most efficient method for the synthesis of
DPE from EL was achieved by using concentrated sulfuric acid as the catalyst, followed
by dilution with ethanol at the end of the reaction. The residual reactants were steam-
distilled off the product, but no further details regarding synthesis or purification were
reported. Pancrazzi et al. [57] performed the one-pot synthesis of DPEs, which involved the
LA’s esterification to EL and the cascade condensation of the latter with phenol and ortho-
substituted phenols (R = 2-Me, 2-iso-Pr, 2-sec-Bu) without any intermediate purification
step of ethyl levulinate. In principle, methyl and ethyl levulinate are the preferred ALs
to be employed to exploit their highest esterification yields [58]. Therefore, two different
approaches can be proposed for the synthesis of DPEs by employing ALs as starting
materials (Figure 4).
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The one-pot approach should be preferred over the two-step one because the for-
mer allows for a significant reduction in the work-up costs. Certainly, ALs should be
preferred over LA for reducing the formation of by-products, especially when working
under heterogeneous catalysis. Remarkably, the use of esters can open the way to the
production of a new class of DPE-based polymers, such as bis epoxy and polyurethane
derivatives [56], thus expanding the possibilities for applications with respect to the tra-
ditional DPA-based polymers. In the following paragraphs, these main applications will
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be discussed, with an emphasis on their relevant advantages and limitations over the
corresponding BPA-based materials.

3.1. Epoxy Resins

DPA-based epoxy resins are employed for the synthesis of thermosetting materials,
including coatings, adhesives, matrix resins, and others [48,59]. The presence of DPA
within epoxy resins confers remarkable valuable properties, including lightweight and
high-strength composites [60]. Moreover, epoxy resins containing DPA could be used for
encapsulating and protecting electronic devices (semiconductors, printed circuit boards,
and sensors), thus valorizing their excellent electrical insulation properties, thermal stability,
and protection against moisture and contaminants [48,61,62]. Furthermore, epoxy resins
are used to create molds and patterns for casting various materials, including plastics and
metals, with the latter showing promising dimensional stability and heat resistance [60].

In deepening the exploitation possibilities of DPA, it is well-known that the synthesis of
BPA glycidyl ethers (DGEBA) represents valuable polymers due to their robust mechanical
properties, favorable thermodynamic characteristics, and remarkable stability [63]. DGEBA
and its oligomers account for 90% of the global production of epoxy resins [64]. A similar
approach to that of BPA can also be proposed for DPA, thus obtaining the corresponding
glycidyl ethers (DGEDPA). Both chemical structures of the corresponding glycidyl ether
monomers are reported in Figure 5.
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The research towards the development of new DGEDPA-based materials is mainly
aimed at solving some well-known DGEBA performance drawbacks, including high brit-
tleness and poor impact resistance, due to its inherent rigid aromatic rings [65]. DGEDPA-
based epoxy thermosets characterized by a hyperbranched structure may enhance mechan-
ical strength and toughness simultaneously [66]. The hyperbranched structure generated
through the reactivity of the carboxyl group of the DPA can significantly increase the
crosslink density in thermosets, thereby enhancing their mechanical strength. This crosslink-
ing could be obtained through the synthesis of ethers, esters, and amide derivatives of the
DPA, thus exploiting the reactivity of its carboxylic group. In addition, hyperbranched poly-
mers have a higher proportion of free volume than their linear counterparts, which helps
to improve the toughness of DPA-based epoxy resins [67]. In this context, Wei et al. [42]
synthesized a new DGEDPA-based polymer starting from DPA and epichlorohydrin to
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obtain a trifunctional epoxy resin. The obtained DGEDPA was cured with 3,3′-dimethyl-
4,4′-diaminodicyclohexylmethane, and the final material exhibited better performance
than that of the DGEBA-based one, including higher curing temperature, glass transition
temperature, and thermal expansion characteristics [42]. Consequently, the authors claimed
that this innovative epoxy resin shows promising potential for various critical applications,
including aerospace and microelectronics. Regarding the electronic applications, McMaster
et al. [68] tested a series of diglycidyl ethers of diphenolate esters (DGEDPE) as dielectric
materials to be proposed in substitution of DGEBA. Methyl, ethyl, propyl, and butyl es-
ters of DPA were synthesized and studied. Remarkably, the DGEDP-propyl showed the
highest dielectric constant, with results comparable to those of the traditional DGEBA. The
authors stated that variations in the dielectric characteristics of DGEDP-esters result from
the complex interplay between segmental, local, and side-chain movements on one side
and the influence of free volume and steric hindrance on the other. The research formed the
groundwork for the development of new DGEDPE-based epoxy resins, with the intention
to improve polarization and dielectric constants, which are valuable physical properties for
such types of applications. Developing a different approach, Xiao et al. [65] synthesized
different DPA-based hyperbranched epoxides (HBEPs) from DPA and dibromobutane to
improve the mechanical properties of the final resin. A two-step synthetic approach was
proposed by the authors (Figure 6). In the first step, hyperbranched polymers (HBPs)
were synthesized through polymerization through a condensation mechanism starting
from DPA and 1,4-dibromo butane in the presence of potassium carbonate and DMF. In
the second step, the epoxidation reaction of HBPs to obtain HBEPs was carried out in the
presence of an excess of epichlorohydrin. In this way, terminal functional groups were
modified through epoxidation through epichlorohydrin, thus obtaining the epoxy resin.
This methodology utilizes DPA as the branching component, thus improving the mechan-
ical durability due to its aromatic ring composition and adding a well-tuned flexibility
by including dibromo butane. Such hyperbranched thermosets exhibited exceptional me-
chanical strength and toughness, with much better performances than those of commercial
DGEBA thermosets [65,69].

Qian et al. [41] proposed another innovative synthesis of a new class of epoxy resin
with outstanding thermal performance, DPA-based polybenzoxazines, based on the ami-
dation of DPA. First, the authors synthesized DPA hexanediammonium salt (DHDA)
by reacting DPA and 1,6-hexanediamine in ethanol. Then, DHDA reacts with PEG-200,
furfurylamine, and paraformaldehyde to obtain benzoxazine diphenolic hexanediamide
(DHDA-fa) (Figure 7).

Polybenzoxazines offer distinct advantages compared to most conventional polymers.
These advantages include minimal volumetric changes during curing, high glass transition
temperatures, impressive thermal and mechanical characteristics, exceptional flame resis-
tance, and a low dielectric constant [70]. The authors demonstrated that the incorporation of
amide groups into a benzoxazine molecule can effectively improve the thermomechanical
performances of these resins with respect to those of DPA-derived benzoxazines containing
the free-ending carboxylic group in the DPA structure [41].
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3.2. Phenolic Resins

Phenolic resins are well-known for their heat resistance and durability, making them
suitable for producing electrical and automotive components, as well as in the construction
industry [71]. DPA has been employed for the synthesis of phenolic resins, including,
in particular, novolaks [72,73]. In this context, Kiran et al. [74] synthesized a sulfonated
poly(arylene ether sulfone) copolymer through direct copolymerization of p,p′-DPA, ben-
zene 1,4-diol, and the synthesized sulfonated 4,4′-difluorodiphenylsulfone (Figure 8).
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Figure 8. Synthesis of sulfonated poly(arylene ether sulfone) copolymer starting from DPA, according
to Kiran et al. [74].

The copolymer was subsequently crosslinked with 4,4′-(hexafluoroisopropylidene)
diphenol epoxy resin through a thermal curing reaction to synthesize crosslinked mem-
branes for fuel cell applications. Zúñiga et al. [75] claimed the synthesis of a DPA-based
porous polybenzoxazine as the phenolic resin. For this purpose, the foaming agent (CO2)
was generated in situ during the thermal curing. The DPA-benzoxazine monomer was
thermally polymerized at different temperatures according to the reaction in Figure 9.
According to the authors, the proposed synthesis is smart, as it uses the same chemical both
as a crosslinking monomer and as a blowing agent. Moreover, the relative decarboxylation
reaction can be controlled by varying the temperature, which gives an excellent and simple
method for tuning foam properties. The obtained low-density foams exhibit a high glass
transition temperature, with heterogeneous open-cell morphology.
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An alternative to DPA-based sulfonated poly(arylene ether sulfone) copolymers and
porous polybenzoxazine is represented by DPE-based resins. To improve the thermal
stability of aromatic polyesters and polycarbonates prepared from DPA, various DPEs have
been proposed for the synthesis of new polymers, including methyl diphenolate (MDP),
ethyl diphenolate (EDP), n-propyl diphenolate (PDP), n-butyl diphenolate (BDP), and
n-hexyl diphenolate (HDP) [44,76]. For example, Ping et al. [76] synthesized two aromatic
polyesters, poly(MDP–IPC) and poly(EDP–IPC), via interfacial polycondensation (IPC)
of isophthaloyl chloride with methyl diphenolate (MDP) and ethyl diphenolate (EDP),
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respectively, and studied their thermal stability by considering the poly(DPA–IPC) as the
reference. The authors found that the presence of carboxylic groups in poly(DPA–IPC)
leads to lower thermal stability addressed to carboxyl group interactions, which can be
weakened by working with the ester. In this context, poly(MDP–IPC) and poly(EDP–IPC)
display single-stage thermal decomposition at higher temperatures, with slightly reduced
glass transition temperatures due to increased side-chain flexibility. Overall, at the state
of the art, DPE-based polymers exhibit better thermal performance and behavior than
DPA-based ones.

3.3. Thermal Papers

DPA could also be used as a sustainable alternative to BPA to produce thermal pa-
pers, which are commonly used in point-of-sale (POS) receipt, fax, and label printers [50].
Thermal papers enable the production of images after exposure to a heat source, thus
eliminating the need for the use of inks or toners. Generally, the thermosensitive layer
contains a fluoran-type dye (leuco dye) serving as the thermal dye and a color developer,
such as BPA, as the proton donor. These chemical components are responsible for color
development after heating, according to Figure 10.
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Figure 10. Reaction between BPA (color developer), and the leuco thermal dye (colorless) to give the
colored open form of the dye [50].

The U.S. Environmental Protection Agency (EPA) has issued warnings about using
BPA on thermal paper and is searching for possible substitutes, including DPA-based
ones [77]. Moreover, DPA and its derivatives were proposed as drying agents for inkjet
receptor media, as reported by Malhotra et al. [78]. In this context, when DPA is used
in combination with a multivalent salt and a surfactant, it can efficiently dehydrate the
medium, resulting in a better quality of the final printed product.

3.4. Coatings and Adhesives

DPA also finds applications for the formulation of coatings and adhesives [51–53]. To
date, most of these applications of DPA are aimed at improving adhesion promotion, corro-
sion resistance, thermal stability, resin modification, adhesive strength, electrical insulation,
and UV resistance [79]. Remarkably, Yan et al. [52] first synthesized the poly(diphenolic
acid-phenyl phosphate) [poly(DPA-PDCP)] from DPA (Figure 11) and then used it in com-
bination with a polyethylenimine (PEI) to produce, through layer-by-layer self-assembly, a
flame-retardant surface coating for ramie fabric. Poly(DPA-PDCP)/PEI showed excellent
flame-retardant properties, thus finding many potential applications in the automobile,
train, and aerospace fields [53].

Furthermore, DPA is effective for improving the UV resistance of coatings by help-
ing to prevent color fading and degradation when exposed to sunlight [79,80]. This is a
valuable property for outdoor applications, such as architectural coatings and automotive
finishes. For example, in the study by Zhang et al. [79], a novel, multifunctional, bioderived
polyphosphate (PPD) for poly(lactic acid) (PLA) was synthesized through a three-step
procedure (Figure 12). In the first step, 9,10-dihydro-9-oxa-10-phosphaphanthrene-10-
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oxide (DOPO) reacted with polyformaldehyde (HCHO) to produce a DOPO-derived com-
pound, 2-(6-oxido-6H-dibenz[c,e][1,2]oxaphosphorin-6-yl)-methanol (ODOPM). ODOPM
reacted with DPA in the presence of N, N-dimethylformamide (DMF) and sulfuric acid
(as the acid catalyst) to produce (6-oxidodibenzo[c,e]› [1,2]oxaphosphinin-6-yl)methyl 4,4-
bis(4-hydroxyphenyl)pentanoate (DPOM). Lastly, DPOM reacted with phenylphosphonic
dichloride (PPDC) in ethyl acetate (EAC) and triethylamine (Et3N) to give the target PPD.
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3.5. Antioxidant Properties

DPA shows interesting antioxidant properties, which could potentially be exploited for
various applications, such as in the packaging industry to extend the shelf life of products
and in cosmetics for their anti-ageing effects. Moreover, DPA and its derivatives can be used
in paint formulations, decorative surface coatings, additives for lubricating oil, plasticizers,
surfactants, cosmetics, and the textile industry [27,54,55,81,82]. For example, in the rubber
industry, DPA is employed as an antioxidant additive, thus helping to protect such products
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from the degradation of oxygen, heat, and other agents [83]. This can extend the lifespan of
rubber components used in automotive and industrial applications. Similarly, in the paint
industry, the addition of DPA derivatives can increase the durability of commercial paint
formulations. As reported in the patent of Holmen et al. [82], such an improvement was
achieved through the incorporation of a DPA-based polyamide. Even at the low amount
of 1 wt% of DPA within the polyamide modifier, this formulation improves the longevity
of an applied coating. In all of these applications, DPA serves as a valuable antioxidant
additive by effectively scavenging free radicals and inhibiting the oxidation of materials,
thereby extending the lifespan, maintaining performance, and ensuring the quality of
various products and materials.

3.6. Other Possible Applications

Finally, DPA-coated surfaces show good antivirus and antibacterial properties. This
valuable biological activity is attributed to the interaction between the DPA molecules and
the membrane proteins of the pathogens, thus causing deformation of the cell membrane
and the cell lysis [84]. In this context, Shen et al. [84] demonstrated the active biological
activity of Co-DPA-1.0% fabric surface towards common pathogens, like Escherichia coli
and Staphylococcus aureus. DPA can be employed as an antibacterial agent in textile finishes
and coatings to enhance the resistance of textiles to biological factors, which can cause
fading and degradation. For example, Shen et al. [84] employed DPA as a finishing
reagent to impart antibacterial and antiviral functions to cotton fabric. After a simple
pad–dry–cure process, DPA molecules were covalently linked onto cotton fiber surfaces
via the esterification reaction between their carboxyl groups and the hydroxyl groups of
cellulose on the fiber surfaces. The DPA phenolic groups on the cotton fibers enable the
destruction of the pathogens through protein affinity interactions. Experimental results
show that the DPA-modified fabrics realize not only a high bacteriostatic effect against
both Escherichia coli and Staphylococcus aureus but also an excellent antivirus effect that
allows for rapid virus inactivation in less than 20 min. It was also demonstrated that the
modification process generated insignificant damage to the cotton fiber structure, and
the resultant cotton fabrics are safe for human skin. Therefore, this work may open a
new way to endow cotton textiles with antibacterial and antiviral functions. Moreover,
some phenolic acids have been studied for their potential biological activity, including anti-
inflammatory and anti-cancer properties [85,86], thus opening the way to the development
of new therapeutic applications.

4. Conclusions

This review focused on the synthesis and potential applications of diphenolic acid,
a valuable alternative to bisphenol A, and demonstrated that its synthesis from the con-
densation of levulinic acid and phenol still has many challenges and critical issues to be
solved. The feasibility of this reaction has been variously investigated, requiring, similarly
to bisphenol A, the use of a Brønsted acid catalyst, mild temperature, and long reaction time.
Mineral acids give good results in terms of yield (about 70 mol%) at complete levulinic acid
conversion, but the development of heterogeneous acid catalysts is highly desirable, thus
minimizing the corrosion problems and simplifying the subsequent work-up operations.
Commercial acid resins, such as Amberlyst-15 and zeolites, give promising catalytic perfor-
mances similar to those of traditional homogeneous acids. Moreover, as discussed in detail,
new ad hoc catalytic systems have been proposed by several authors, which, in some cases,
maintain good catalytic performances after the reactivation step. In fact, catalyst deacti-
vation was generally observed after its recycling mainly due to the adsorption of organic
matter on the catalyst surface. On this basis, the thermal calcination of the spent catalyst
is often effective to restore its pristine performances. However, this thermal treatment is
feasible only for inorganic systems (sulfonated N-doped carbon nanotube, H3PW12O40-
silica materials, and zeolites), whilst it is inappropriate for sulfonic-acid-based organic
resins (Amberlyst and Nafion), which would degrade at such high temperatures. Therefore,
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the inorganic catalysts are industrially more attractive from the perspective of a desirable
scale-up of the reaction in the immediate future. The improvement of the regioselectivity of
this reaction is specifically addressed because different isomers, including, mainly, the p,p′-
and o,p′-ones, can be obtained starting from phenol, but only the first one is industrially
attractive. The most studied solution to solve this issue involves the use of thiol additives,
which mainly improve the p,p′/o,p′ molar ratio, in some cases up to 100, which allows for
reaching a p,p′-DPA yield higher than 90 mol%. With these kinds of catalytic systems, the
thiol effect should be properly tuned by preferring a kinetic control regime and therefore
working at limited levulinic acid conversion rather than a thermodynamic one. In most
cases, this last approach has been preferred by pursuing the maximum performance of the
catalysts and thus mostly losing the advantage deriving from the thiol use. Remarkably,
only batch-scale studies have been carried out up to now, whilst thiol use could be even
better exploited through a continuous-scale approach. In addition to the catalytic synthesis
of DPA, its main developed applications have also been discussed, which mainly deal with
epoxy and phenolic resins and polycarbonates. Moreover, DPA shows many other potential
valuable benefits in terms of antioxidant, flame-retardant, and UV protection properties
and biological activity. In principle, the work-up step should be specifically evaluated de-
pending on the use of the final material. In this context, some old patents for DPA synthesis
reported some purification procedures, but the evaluation of DPA purity is limited by the
technological techniques of those years in the field of characterization. Nowadays, the
phase diagrams of the p,p′- and o,p′-isomers are not known, and the characterization of the
heavier by-products has been little investigated. Therefore, further research on these issues
is highly necessary to fill these gaps and improve the know-how mainly in the selective
synthesis of the p,p′-isomer and the industrial separation/purification field. Lastly, other
challenges to be further investigated include the use of substituted phenolic derivatives,
which can be reasonably obtained from lignin sources, and/or the use of alkyl levulinates
instead of levulinic acid to increase the selectivity to the p,p′-isomer and improve the
physico-chemical properties of the final polymers. Very few promising results deriving
from these approaches are already available, demonstrating that further improvement
in this field is possible and thus favoring the growth of the production of DPA and its
added-value, versatile derivatives.
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