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The sustainable conversion of biomass into biofuels, chemicals and biomaterials has gained increasing
attention to ensure the well-being of present and future generations. Among the different technologies
available to date for the valorisation of biomass, microwave-assisted hydrothermal conversion has
recently appeared as a state-of-the-art technology, capable of furnishing a wide range of reaction pro-
ducts for the energy, pharmaceutical and chemistry sectors. This emerging technology combines the
inherent benefits of microwave heating and the sustainable features of biomass hydrothermal valorisation.
Herein, for the first time, this critical review summarises and analyses all the work conducted to date on
the use of microwave-assisted hydrothermal processes (including microwave-assisted carbonisation,
liquefaction and treatment/hydrolysis) for the conversion of biomass into hydrochar, bio-crude (bio-oil)
and valuable chemicals. In particular, this work has put together vital information addressing the influ-
ences of the reaction conditions (temperature, time, amount and type of catalyst, biomass loading and
type, and microwave power) on the yields and key properties of the reaction products. The relationships
between these processing parameters and the chemical transformations involved in the processes
(hydrolysis, dehydration, decarboxylation, condensation and re-polymerisation) have been described in

Received 17th February 2021,
Accepted 6th April 2021

DOI: 10.1039/d1gc00623a

detail, and reliable comparisons have also been established between microwave-assisted and convention-
al hydrothermal technologies when data were available. As a result, this critical review collects essential
information on the use of this cutting-edge, recently appeared microwave-assisted hydrothermal techno-
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1. Introduction

The current global population (7.8 billion in 2020, which is
expected to exceed over 10.9 billion by 2100"), along with the
dramatic and continuous increase in industrialisation and
urbanisation worldwide, brings an unprecedented and chal-
lenging scenario to satisfy the current and future consumption
requirements with the finite resources available. However, the
continued utilisation of non-renewable fossil resources is
fraught with various environmental (e.g. pollution, and global
warming) and social issues. As such, it is paramount to seek
more sustainable and alternative approaches to cover the
present and future chemical, material and energy needs.

Given this socio-economic scenario, biomass is seen as an
ideal resource to obtain these commodities. In particular,
lignocellulosic biomass, including agricultural and forestry
residues, crops, wood, and urban wastes,” is one of the most
abundant renewable resources on the Earth (1.0 x 10" tons
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logy, and paves the way for its expansion and future development and commercialisation.

annually produced worldwide®). Besides, it is renewable,
carbon-neutral and environmentally friendly. Structurally,
biomass primarily consists of cellulose, hemicellulose and
lignin, and its conversion allows furnishing a broad spectrum
of biofuels, biomaterials and biochemicals.*® Thus, using
biomass as a feedstock minimises waste and pollution and
offers a potentially sustainable alternative to replace crude oil
to produce chemicals and energy. Regarding the Ilatter,
biomass is currently the world’s fourth energy source (about
10-14%) after conventional fossil oil, coal and natural gas.*”"*
Therefore, knowing the finite nature of these fossil energy car-
riers, the International Energy Agency (IEA) estimates that
almost half of the energy demand by 2050 should be produced
from biomass.’ Thus, over the past few decades, there has
been a tremendous amount of work done in the area of
biomass valorisation to produce valuable products (biochemi-
cals and biomaterials) and energy (biofuels).>'*?

Various technologies have been developed for biomass
valorisation to achieve this goal, with biological and thermo-
chemical processes being the two major conversion routes con-
sidered to date. Among these, thermochemical technologies
are usually preferred over biological processes due to the
shorter times used and the more beneficial economic costs

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Biomass conversion technologies. Adapted from Tekin.*®

associated with the former technology."® Thermochemical pro-
cedures primarily include pyrolysis, gasification, combustion
and hydrothermal treatments (Fig. 1)."%'® Among these
methods, hydrothermal processes are very advantageous to
convert biomass into energy and/or high value-added
products.'®” This technology uses hot liquid (subcritical or
supercritical) water as the reaction medium to transform
biomass into a pool of valuable products of different nature,
including gases, liquids, and solids."®

Since the 1980s, when the Shell Oil Company applied this
biomass conversion technology for the first time,'® extensive
work has been conducted on the hydrothermal treatment of
biomass."®'® One of the main advantages of the hydrothermal
treatment is that it uses water as the reaction medium. This dis-
penses with the need of using a high energy-consuming drying
step and permits processing wet biomasses and slurries, which
increases the energy efficiency of the process compared to clas-
sical methods such as pyrolysis and/or combustion. Besides,
using water as a solvent provides other advantages, as it is
clean, environmentally friendly, renewable, abundant and
cheap.”® Also, the hydrothermal treatment of biomass takes
place at mild operation temperatures and uses moderate press-
ures, which reduces corrosion concerns and facilitates its scale-
up and commercialisation.>** As a result of these promising
prospects, substantial work has been conducted on developing
novel processes and new reactor designs and configurations to
expand and develop this thermochemical process. In particular,
the importance of process design, control and energy efficiency
in the early-stage technology development was highlighted as
critical to the economic and environmental viability of biomass
hydrothermal conversion. The use of microwave heating, ie.,
converting electromagnetic radiation into heat energy within
the target material, has been recently considered one of the
most promising technologies to replace conventional heating
during the valorisation of biomass.****

2. Microwave-assisted hydrothermal
technology

Based on the dipole rotation of polar molecules and ionic con-
duction with high frequency (300 MHz to 300 GHz), microwave
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radiation transforms the electromagnetic energy directly into
heat energy, resulting in fast and selective heating of the reac-
tion medium and the biomass material under
consideration.>**® Since 1986, when Gedye et al.** reported
the term ‘microwave-assisted’ synthesis for the first time,
extensive work has been conducted on biomass conversion via
microwave-assisted processes. These include chemical syn-
thesis, digestion, extraction, drying, cooking, and
pyrolysis.>>>? Compared to traditional heating, microwave-
assisted heating has several benefits for the conversion of
biomass. These include being (i) volumetric and uniform at
the molecular level, allowing rapid and direct heating of the
target material, which in some cases can save time and energy,
thus improving the conversion efficiency;'® (ii) controllable,
which leads to higher yields and reduces reaction times;*' and
(iii) more selective, reducing the amounts of side-products.**

Given these inherent benefits of microwave heating, and
bearing in mind that water is highly effective in microwave
energy absorption, achieving hydrothermal conditions through
microwave heating to conduct hydrothermal reactions has
recently arisen as a promising technology for biomass valorisa-
tion. On the one hand, water has good microwave energy
absorption properties from a microwave-assisted perspective
due to its high dielectric constant (§') and loss tangent (tan §).
On the other hand, from a hydrothermal viewpoint, water
behaves as both the reaction medium and the -catalyst.
Concerning the former, water under subcritical (100-374 °C)
or supercritical (above 374 °C and pressure above 22.1 MPa)
conditions has excellent solubilisation capability to dissolve
organic compounds, which facilitates biomass
conversion.””**™*> Regarding the latter, water has a high ionic
product, promoting acid- and/or base-catalysed reactions (e.g.
hydrolysis). Simultaneously, the high density and elevated dis-
sociation constant of water under hydrothermal conditions
also accelerate ionic reactions (e.g. dehydration), thus convert-
ing water into an excellent reaction medium for the hydro-
thermal conversion of biomass.*®*” Given all these factors, the
combination of hydrothermal conditions together with micro-
wave-assisted heating, i.e., ‘microwave-assisted hydrothermal
treatment’, has recently been regarded as a novel, up-and-
coming and efficient technology to achieve a selective and con-
trollable biomass conversion.*"

Although there are some review publications in the litera-
ture addressing the use of microwave-assisted heating for
biomass conversion,***® the use of microwave technology to
conduct hydrothermal reactions was not considered, as these
reviews focused on microwave-assisted pyrolysis and torrefac-
tion. As such, to the best of the author’s knowledge, the use of
microwave-assisted hydrothermal treatments for biomass
valorisation has not yet been reviewed. Herein, this work sum-
marises and critically analyses the current state of the art on
the use of microwave-assisted hydrothermal treatments,
including microwave-assisted hydrothermal liquefaction
(MA-HTL), carbonisation (MA-HTC) and treatment/hydrolysis
(MA-HTT), for the conversion of biomass into liquid and solid
biofuels and value-added chemicals (Fig. 2). A comparison
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Fig. 2 Conceptual biorefinery via the microwave-assisted hydrothermal
treatment of biomass.

between hydrothermal carbonisation, liquefaction and treat-
ment/hydrolysis is listed in Table 1. In particular, this critical
review brings together, analyses and discusses the recent
research progress achieved to date in the microwave-assisted
hydrothermal valorisation of biomass from a biorefinery per-
spective. This includes the effects of the type of biomass (feed-
stock), operating conditions (temperature, time, pressure) and
catalyst type and loading on the overall distribution of the reac-
tion products (yields) and fundamental fuels and the physico-
chemical properties of these fractions. Given the lack of work
covering and comparing all the research conducted in this
field, this review provides an excellent overview to expand and
develop this emerging technology.

3. Microwave-assisted hydrothermal
carbonisation (MA-HTC)

Microwave-assisted hydrothermal carbonisation (MA-HTC) has
recently received a lot of attention due to its several advantages
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for biomass conversion. These include high conversion
efficiency, low processing temperatures, and the capability to
process wet and aqueous feedstocks.’™' During the MA-HTC
process, biomass is subjected to moderate temperatures
(180-250 °C) and pressures (2-10 MPa, usually autogenous) for
a short reaction time (dozens of minutes to a few hours).”>"?
During this process, several chemical reactions, such as de-
hydration, decarboxylation, hydrolysis, polymerisation, poly-
condensation, and aromatisation, take place.>® As a result of
these transformations, the relative amounts of hydrogen and
oxygen in the material decrease. At the same time, the pro-
portion of C and the HHV increase, which leads to the pro-
duction of an energy-dense and carbon-rich solid material,
known as hydrochar.>”

Hydrochar produced from biomass has several beneficial
properties, such as a high energy density, high carbon
content, high mechanical strength, and non-fibrous
structure.”®” Therefore, it can be used in multiple potential
applications, including amendments, absorbents, capacitors,
fuels, catalysts, and filter aiders.”®*" Compared to convention-
al hydrothermal carbonisation, MA-HTC is faster, more con-
trollable and friendly and energy and technologically more
efficient. As a result of these features, a substantial amount of
work has been conducted on using this technology to convert
biomass into hydrochar to be used for energy production and
material applications (Table 2).

3.1 Effect of the operating conditions during the MA-HTC of
biomass

The yield and fuel and physicochemical properties of the
hydrochar produced during the MA-HTC of biomass primarily
depend on the reaction temperature, time, catalyst (type and
amount) and solid/liquid ratio. Besides, other factors such as
the biomass type, microwave power and particle size also exert
a significant, but less critical influence. The effects of these
variables are summarised as follows.

3.1.1 Reaction temperature. Reaction temperature plays
one of the most influential roles in the MA-HTC process.®> In
particular, it significantly directs the distribution of the main
reaction products (gas, liquid or bio-crude and solid or hydro-
char) and determines the primary fuel and physicochemical
properties of these fractions. In the scope of this section, the
influence of the reaction temperature is only discussed on the
yields and properties of the hydrochar.

Table 1 Comparison between hydrothermal carbonisation, liquefaction and hydrolysis/treatment

Temp. Pressure Biomass
Method (°C) (MPa) loading Catalyst Products
Hydrothermal carbonisation 180-250 2-10 1:1-1:30 Acids, alkalis Hydrochar (a source for solid biofuels
and biomaterials)
Hydrothermal liquefaction 200-450 5-25 1:4-1:50 Acids, alkali salts, metal oxides, Bio-crude/bio-oil (a source for liquid
zeolites and carbon nanotubes  biofuel and chemicals)
Hydrothermal treatment/ 80-240 — 1:1-1:40 Acids, carbon, transition metal ~ Value-added chemicals: sugars, furans

hydrolysis

3504 | Green Chem., 2021, 23, 3502-3525
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Liet al.”®

Adsorbent

Temperature (160-200 °C), time (40-70 min), solid/liquid ratio (1:10)

Rice straw
Pig faeces

Temperature (150-250 °C), time (0-120 min), solid/liquid ratio (0.01-0.2 ¢ mI™")

Temperature (160-200 °C), time (30-120 min), solid/liquid ratio (1 : 10)
Temperature (122.7-257.3 °C), time ((4.8-55.2 min), solid/liquid ratio

(0.98-6.02 g per 50 mL H,0)

Wang et al.®®

Adsorbent

Ca0, H,S0,

Afolabi et al.>®

Human biowastes
Corn stalk

Fuel resource

Kang et al.®®

Solid biofuel

Gao et al.”?

Carbon-based nanomaterials

Solid fuel

Temperature (180-260 °C), time (30 min-14 h), solid/liquid ratio (1 : 20)
Temperature (150-200 °C), time (2-30 min), solid/liquid ratio (1:15)
Temperature (200 °C), time (60-240 min), solid/liquid ratio (1 :20)

Temperature (150-210 °C), time (90-120 min)

Dairy manure

Elaigwu et al.”®

Rapeseed husk

Guiotoku et al.”®

Energy and materials
Energy applications

Fuel resource

Citric acid

Pine sawdust, a-cellulose

Fish waste

Kannan et al.”?
Shao et al.®”

Temperature (130-190 °C), time (0.5-2 h), solid/liquid ratio (1: 7-1:10)
Temperature (160-220 °C), time (30 min), solid/liquid ratio (1:1)

Green waste
Rice husk

Nizamuddin et al.®®

Elaigwu et al.””
Xu et al.*’

Fuel resource

Renewable fuels

Temperature (150-200 °C), time (5-30 min), solid/liquid ratio (1:15)

Coconut shell

Energy and materials

Adsorbent
Solid fuel

HCI/NaOH

Temperature (220-260 °C), time (30-90 min), solid/liquid ratio (1 : 30)
Temperature (213 + 2 °C), time (20 min), solid/liquid ratio (1: 3 (w/v)

Phoenix tree leaves
Grapefruit peel
Red seaweed

Semercioz et al.®*
Cao et al.®®

H,S0,
H,S0,

Temperature (160-200 °C), time (1-40 min), solid/liquid ratio (1%-10%, w/v)

Temperature (180 °C), time (5, 15, 30 min), solid/liquid ratio (1:5,1:10)

Temperature (200 °C), time (30 min), solid/liquid ratio (1:7)

Chen et al.®*

Solid fuels

Sugarcane bagasse
Furfural residue
Fruit waste

Khushk et al.”*

Adsorbent

This journal is © The Royal Society of Chemistry 2021

Cruz Jr et al.®®
Teh et al.®*

Methane storage

Citric acid
H,SO,

Temperature (200 °C), time (120 min), solid/liquid ratio (1 : 20)

Energy and materials

Biofuel

Red macroalgae Eucheuma denticulatum  Temperature (150-170 °C), time (10 min), solid/liquid ratio (1 : 20)

Bundhoo et al.”®

Bamboo sawdust
Willow wood

Temperature (150-230 °C), time (5-35 min), solid/liquid ratio (1: 10)
Temperature (150-185 °C), time (60 min), solid/liquid ratio (1 :20)
Temperature (200 °C), time (5-20 min), solid/liquid ratio (1:15)

Knappe et al.%

Solid fuel

Elaigwu ea al.®*

Energy and materials

Adsorbent

Prosopis africana shell

— Ahmad et al.®®

Temperature (120-210 °C), time (60 min), solid/liquid ratio (1:10)

Lincomycin residue
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Generally, higher temperatures provide more energy to
break down the chemical bonds within the biomass structural
components (mainly cellulose, hemicellulose and lignin),
which also leads to a more significant spread of liquefaction
and gasification reactions. These transformations promote the
formation of more liquid (bio-crude) and gaseous products,
which leads to opposing effects. On the one hand, these reac-
tions decrease the amounts of oxygen and hydrogen in the
hydrochar. Still, on the other hand, they also decrease the
hydrochar yield.’>®® As a result of these developments, the
hydrochar yield is high at relatively low temperatures. It
decreases with increasing temperature, while the physico-
chemical properties of this solid are enhanced as the tempera-
ture increases.

Given these opposing influences, the specific effects of the
temperature on the yield and properties of the hydrochar have
been addressed by several authors. However, different out-
comes were observed due to the diverse chemical compo-
sitions of the feedstocks used and the ample ranges of temp-
eratures applied. For example, Nizamuddin et al.®* concluded
that the hydrochar yield decreased continuously (from 58.6 to
49.5%) with rising temperature from 160 to 220 °C during the
MA-HTC of rice husk, which is in line with the trends reported
in the literature.”®®*”! In contrast, Gao et al’*”® demon-
strated that the hydrochar yield produced during the MA-HTC
of fish waste firstly increased with increased temperature. It
then reached a point after which it decreased with further
temperature increments. These differences may be accounted
for by the different chemical compositions of the feedstocks
under consideration (dairy manure vs. fish waste), thus high-
lighting the influence of the biomass composition on the
process. In particular, Elaigwu et al.”*’> reported a first incre-
ment in the hydrochar yield followed by a subsequent decline
during the MA-HTC of lignocellulosic feedstocks. They con-
cluded that the first increase might result from side reactions
occurring between some lignin-derived volatile compounds
and hemicellulose carbonised species, which overall increased
the amount of solid matter, thus increasing the hydrochar
yield. As an exception to these trends, Li et al.”® showed that
increasing the temperature between 160 and 200 °C did not
significantly impact the hydrochar yield during the MA-HTC of
rice straw. Also, it must be borne in mind that higher tempera-
tures may result in different outcomes for the hydrochar yield
than those described above. For example, Liu et al.”” reported
that when temperatures higher than 200 °C were used, the
hydrochar yield increased with the temperature, probably due
to the positive effect of the temperature on repolymerisation,
condensation and crystallisation reactions. Thus, these results
indicate that the optimum temperature to strike a good
balance between the yield and the properties of the hydrochar
depends on the biomass nature and processing conditions,
and therefore it must be determined experimentally.
Considering the information shown above, this temperature
might shift between 180 and 250 °C.

3.1.2 Reaction time. In general, prolonging the reaction
time increases the carbonisation of biomass and promotes the

Green Chem., 2021, 23, 3502-3525 | 3505
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formation of lighter organic compounds and/or gases,*® which
consequently drops the hydrochar yield. However, an increase
in the reaction time also favours the development of conden-
sation and repolymerisation reactions, which leads to an
increase in the production of hydrochar. Several authors have
addressed the detailed influence of this variable during the
MA-HTC of different types of biomass. Jacobson et al®’
reported that after a first decrease in the hydrochar yield with
the increase in the reaction time, the hydrochar yield reached
a trend-off with time due to the almost complete decompo-
sition of the cellulose and hemicellulose contents in the
biomass. Wang et al.®® investigated the MA-HTC of pig faeces
at 230 °C, using a solid/water ratio of 0.05 g biomass per mL
water. They reported that the yield of hydrochar decreased very
sharply (from 61.1 to 55.7%) within the first 120 min of micro-
wave treatment, and then the decline observed was less pro-
nounced. This development was also reported by Elaigwu
et al,”® who found that the hydrochar yield substantially
decreased within the first minutes of the reaction. In particu-
lar, around 14% of mass loss took place during the first
20 min of operation, while it remained stable with a further
increase in the reaction time.

In contrast, Guiotoku et al.”* found a different trend during
the MA-HTC of pine sawdust in an acidic aqueous medium at
200 °C. They reported that the hydrochar yield increased with
prolonging the reaction time and indicated that such an
increase might be accounted for by the deposition of volatile
compounds on the surface of the material. Besides, other
authors have also found a steady time evolution for the hydro-
char yield.”> These different developments demonstrate sig-
nificant interactions between the biomass chemical compo-
sition and the reaction time, which suggests that the particular
influence of the reaction time must be assessed for each type
of biomass under consideration. Therefore, the optimum reac-
tion time must be determined experimentally; however, con-
sidering the results shown above, the optimum reaction time
might be between 20 and 60 min.

3.1.3 Catalyst. The catalyst (type and loading) exerts a sub-
stantial influence on the MA-HTC of biomass. In particular,
the presence of a catalyst in the reaction medium promotes
the depolymerisation of biomass and the formation of hydro-
char during the MA-HTC process. However, publications con-
sidering the use of a catalyst for the MA-HTC of biomass are
very scarce.®® Consequently, the impacts of using a catalyst on
the hydrochar yield and properties are not yet well understood.
Wang et al.®® used H,SO, as a catalyst in the MA-HTC of pig
faeces and found that the hydrochar yield decreased from 60
to 49 wt% when the process was conducted with a catalyst.
They reported that the catalyst boosted biomass hydrolysis
reactions, increasing the biomass transformation into gas and
liquid species and decreasing the hydrochar yield.
Contrariwise, when CaO catalysed the MA-HTC process, the
solid yield increased from 60 to 66 wt%. However, they
believed that such an increased yield could have been
accounted for by forming solid CaCO; from CaO, thus contri-
buting to the global production of solid matter.

3506 | Green Chem., 2021, 23, 3502-3525
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3.1.4 Other factors: solid to water ratio, microwave power
and biomass particle size. Generally, as microwave energy is
limited by the penetration depth, a high solid/water ratio
would restrict the microwave irradiation to break down the
polymeric biomass structure.®®

Thus, the greater the solid/water ratio, the higher is the
hydrochar yield produced during the MA-HTC of biomass.
While most of the biomasses can be processed by HTT due to
their hydrophilic nature and reasonable capability to form
pumpable slurries, the solid/water ratio must be adjusted
experimentally. In general, it shifts between 5 and 50 wt%j;
however, the maximum ratio must be determined experi-
mentally depending on the biomass nature and the type of
reactor (batch/continuous). An increase in the solid amount
logically decreases the amount of water available to ensure an
efficient penetration. Consequently, the hydrothermal carbon-
isation is not complete, which increases the yield of
hydrochar.’®® Several authors have analysed the effect of this
factor. Wang et al.®® reported that increasing the solid/liquid
ratio from 0.01 g mL™" to 0.2 ¢ mL™" led to an increase in the
hydrochar yield from 51 to 69% during the MA-HTC of pig
faeces at 230 °C for 30 min. Nizamuddin et al.®® also evidenced
an increase (from 47 to 51%) in the hydrochar yield with
increasing the biomass loading (from 1:40 w/v to 1:10 w/v).
However, the effect of the solid/water ratio can also depend on
the other processing conditions. For example, Kannan et al.”®
reported that an increase in the biomass/water ratio from 0.5
to 1.5 wt% did not significantly influence the hydrochar yield
when the process was conducted at 180 °C for 60 min.

The type and structural composition of the biomass also
affect the hydrochar yield. Cellulose and hemicellulose, being
polysaccharides, are easily degraded into gas and liquid
species during the MA-HTC process. In contrast, lignin quickly
evolves towards the formation of hydrochar due to its inherent
compact and poly-aromatic structure.”” Thus, the more signifi-
cant the proportion of lignin within the biomass, the higher is
the hydrochar yield. However, the specific effect of the
biomass composition on the hydrochar yield has not been sub-
stantially addressed in the literature. Some studies include the
work of Afolabi et al,’® who investigated the MA-HTC of
human biowastes and found that the type and nature of the
feedstock affected the hydrochar yield. In another study, Kang
et al.®® reported the hydrochar yield obtained during the
MA-HTC of various feedstocks, and found that it decreased as
follows: lignin > wood meal > cellulose > p-xylose. These
results are in good agreement with the reaction mechanism
describing the decomposition of biomass when subjected to
hydrothermal conditions. On the one hand, a higher hydro-
char yield was produced during the MA-HTC of lignin, due to
the stable phenolic structure of this structural compound. On
the other hand, the lowest hydrochar yield was obtained
during the treatment of p-xylose, due to its labile structure,
which can easily evolve towards the formation of gaseous and
liquid species.®®°

The microwave irradiation power and the biomass particle
size also significantly influence the hydrochar yield, although

This journal is © The Royal Society of Chemistry 2021
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their impacts are less significant from a practical point of
view. In particular, increasing the microwave power favours the
development of biomass depolymerisation side reactions, such
as volatilisation and decomposition, which overall decreases
the hydrochar yield.”"** Nizamuddin et al.®* studied the effect
of the biomass particle size (1-3 mm) during the MA-HTC of
rice straw. They reported that an increase in the biomass par-
ticle size promoted the formation of hydrochar due to the
decrease occurring in the surface of biomass surrounded by
water and efficiently exposed to microwave radiation.

3.2 Hydrochar fuel and physicochemical properties

3.2.1 Higher heating value (HHV). The Higher Heating
Value (HHV) is one of the essential properties of hydrochar for
evaluation of its potential application as a solid biofuel.”
Usually, the higher the proportion of carbon in the material
and the lower the ash, moisture and oxygen contents, the
greater is the HHV of the hydrochar. The influence of the
MA-HTC processing conditions on the HHV of the hydrochar
has been assessed by several authors, who concluded that
both the reaction conditions and the biomass type signifi-
cantly influence the HHV of hydrochar. Shao et al.®” revealed
that an increase in the MA-HTC process parameters (tempera-
ture and time) facilitated the production of hydrochar with a
higher HHV. In particular, increasing the temperature (from
160 to 190 °C) increased the HHV of the hydrochar from 17.91
to 23.01 MJ kg™! with 1 h holding time and 1: 8 m/m biomass
loading. Also, increasing the reaction time (from 0.5 to 1 h)
increased the HHV from 21.95 to 23.01 MJ kg™ " at 190 °C and
1:9 m/m solid/liquid ratio. Chen et al®' also reported the
same developments.

Besides, the catalyst loading and the solid/water ratio also
play crucial roles in the HHV of hydrochar. Regarding the
former, Cao et al.®® reported that an increment in the amount
of catalyst from 0 to 0.6 H,SO, M led to increases in both the
C content (from 45.6 to 55.9%) of the hydrochar and its HHV
(from 17.9 to 23.3 MJ kg™ "). Concerning the latter, Shao et al.®’
found that different HHVs (between 21.49 and 23.01 MJ kg ™)
were obtained during the MA-HTC of biomass, depending on
the solid/liquid ratio (1:8-1:9 m/m). In another study, Cao
et al.®® reported that when the MA-HTC was conducted at
180 °C for 20 min with 0.2 M H,SO, as a catalyst, an increase
in the biomass loading from 1 to 5 wt% led to increases in the
C content (from 53.8 to 56%), HHV (from 21.5 to 23.7 M]J
kg™") and EDs (from 1.72 to 1.89) of the hydrochar. However, a
further increase in the biomass loading up to 10 wt%
decreased the HHV (20.5 MJ kg™") and ED (1.64).

The heating mechanism also significantly impacts the HHV
of the hydrochar produced by MA-HTC of biomass. Dai et al.**
established a comparison between the HHV of hydrochar pro-
duced using conventional HTT and MA-HTT. They found that
the HHVs of the hydrochar produced using microwave techno-
logy were higher than their counterparts obtained by tra-
ditional heating. Such a difference was believed to be
accounted for by a hot spot effect occurring with microwave
heating, which promoted the rupture of low energy C-H and
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C-O bonds, thus highlighting the benefits of microwave
irradiation in the valorisation of biomass into energy-dense
hydrochar.

A summary of the HHVs (MJ kg™') of the hydrochar pro-
duced by MA-HTC of various biomasses is provided in Table 2.

3.2.2 Elemental composition. The ultimate analysis of
hydrochar provides essential insights into not only the charac-
terisation of these solids, but also the reaction mechanism of
the MA-HTC process.”” The reactions involved primarily
include deoxygenation, dehydration, and decarboxylation,
which overall decrease the amounts of hydrogen and oxygen in
the hydrochar.”®®" At the same time, the carbon content of the
hydrochar increases due to condensation and aromatisation
reactions.®® The spread of these reactions can be gathered
from the Van Krevelen diagram, representing the atomic H/C
and O/C ratios of the biomass/hydrochar.”® The O/C ratio
describes the polarity, and the higher this ratio is, the more
polar functional groups are available in the material. Similarly,
the H/C ratio indicates the aromaticity of the hydrochar.’® As
such, the spread of the main types of reactions, i.e., dehydra-
tion, decarboxylation, and demethylation, occurring during
the MA-HTC is determined via the length of the vector drawn
from the raw material to the hydrochar under consideration
(Fig. 3).°° The effects of the processing conditions on the
elemental composition of the hydrochar produced by MA-HTC
of biomass have been analysed by several authors. The elemen-
tal compositions of different hydrochars are summarised in
Table 3.

3.2.3 Fourier transform infrared (FTIR) spectroscopy. FTIR
spectra provide insights into some of the chemical changes
occurring during the MA-HTC. These chemical transform-
ations affect various hydrochar properties (e.g. pH, biodegrad-
ability, and hydrophobicity), thus significantly influencing the
potential future applications of this material.®® The typical
bands observed during the FTIR analysis of hydrochar are
listed in Table 4. As a result of the chemical transformations
taking place during the HTC of biomass, this analysis shows
decreases and increases in the signals of several bands. These

H/C

o/c

Fig. 3 Van Krevelen diagram for reaction pathways during the micro-
wave-assisted hydrothermal processing of biomass.
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Table 3 Elemental Composition (wt%) and HHV (MJ kg™) of the hydrochar produced from the MA-HTC of various biomasses

Elemental composition

HHV Hydrochar yield

Hydrochar source C (Wt%) HWt%) N (Wt%) S(Wwt%) O (wt%) MJ kg™) (%) Reference
Rice straw 37.44-42.74 3.18-5.72 0.40-1.15 0.04-0.35 30.73-40.76 — 37.00-42.53 Lietal”®
Rice straw 48.8 5 0.4 0.5 45.3 17.8 — Nizamuddin et al.**
Pig faeces 52.2-56.6 4.21-7.40 2.35-3.66 — 35.4-37.3 21.5-23.4 24.6-65.6 Wang et al.®®
Corn stock 45.89-53.44 5.67-5.85 1.00-1.14 — 39.64-47.07° 22.82° 73.94° Kang et al.®®
Rapeseed husk 44.13-54.62 6.32-6.61 5.84-6.74 — 33.52-43.09° 21.57° Around 42.5-63.5  Elaigwu et al.”®
Red seaweed 48.8-57.8 5.4-6.0 1.0-1.9 — 35.2-44.0° 18.8-24.7 20.8-31.4 Cao et al.®°
Red macroalgae 48.10-56.18 5.85-6.37 1.12-1.95 — 36.53-43.58“ 14.93-18.07 20.54-31.77 Teh et al.®
Green waste — — — — — 17.91-23.01  50.4-76.8 Shao et al.”’
Palm kernel shell 69.20 3.30 0.61 0.04 — 27.63 — Zainal et al.”®
Sugarcane bagasse 44.48-52.35 4.34-5.43 0.25-0.38 0 36.82-48.88  18.45-20.58 39.6-70.4 Chen et al.®'

36.6-39.5 4.9-5.95 3.14-7.76  0.67-0.84 26.7-34.1° — 44.8-93.3
Bamboo sawdust 48.15-50.14 5.53-5.65 <0.30 — 41.13-43.90 18.27-20.83  About 84-97 Dai et al.”®
Prosopis africana shell  55.46-58.08 6.18-6.71 1.48-1.61 — 34.13-36.35  21.84-22.37 30.60-36.37 Elaigwu et al.®*

“ Oxygen was calculated by difference (100% — (C% + H% + N%)). ® The data obtained are maximum values.  Oxygen was calculated by difference

(100% — (C% + H% + N% + S%)).

Table 4 Major band assignments in the FTIR analysis of hydrochar

Absorption band (cm™)

Assignment

Component

Reference

3400-3200 O-H stretching vibration Hydroxyl or carboxyl groups Bundhoo et al.>
3000-2800 C-H stretching vibration Aliphatic methylene group Afolabi et al.>®
1800-1600 C=O stretching vibration Esters, carboxylic acids or aldehydes in cellulose Elaigwu et al.”®
1743 C=O0 stretching Carbonyl, esters or carboxyl Afolabi et al.>®
1730 Cc=0 Carboxylic acid groups in hemicellulose Semercioz et al.®!
1700 Cc=0 Ketones, aldehydes, and carboxylic acids Semercioz et al.®*
1630 Cc=0 Carboxyl group in an aromatic ring Teh et al.*
1600-1500 C=C vibrations Aromatic ring in lignin Li et al.®”’®
1470-1430 C-H stretching Methoxy Gao et al.”
1450-1200 C-H bending vibration Methylene, and methyl groups in aliphatic carbons Elaigwu et al.”®
1440-1400 O-H Acids Gao et al.””

1417 C-H vibrations Aromatic Nizamuddin et al.®*
1367 O-H Aromatic bend Afolabi et al.>®
1321 C-N stretching vibration Aromatic structure Shao et al.””
1324 C-H vibration or C-O vibration Cellulose or syringyl derivatives

1200-1000 Cc-0 Esters, phenols and aliphatic alcohols Elaigwu et al.”®
1241 C-O stretching or C-O-C stretching Lignin or cellulose Shao et al.*>*’
1050 C-0-C Polysaccharide bands Afolabi et al.””
880-700 C-H vibrations Aromatic structure Afolabi et al.>®
777, 650 C-H vibrations Aromatic structure Shao et al.®’

predominantly include variations in the bands referring to the
biomass structural components, such as cellulose/hemi-
cellulose decreases, especially at high processing temperatures
(e.g. 3400-3200 cm™' to polysaccharide and 1730 cm™' to
hemicellulose). They are also responsible for new bands
related to carbonised species developed during the process
(1700 cm™, 880-700 cm™).”” Work conducted on the FTIR
analysis of hydrochar produced by MA-HTC of biomass is very
scarce. Gao et al.”” reported that the hydrochar produced by
MA-HTC of biomass had better chemical functional features
compared to those of the hydrochar produced by conventional
heating.

3.2.4 Thermogravimetric analysis. The thermogravimetric
decomposition analysis of biomass and related materials, such

3508 | Green Chem., 2021, 23, 3502-3525

as hydrochar, provides valuable information on their thermal
stability and can be used to determine their fibre composition.
This composition includes the moisture and volatile contents
along with the proportions of cellulose, hemicellulose and
lignin in the material. In this regard, the thermal decompo-
sition of lignocellulosic biomass and derived hydrochar can be
divided into three major stages: (i) the removal of moisture
content and volatile compounds (below 120 °C); (ii) the
decomposition of hemicellulose and cellulose (220-400 °C);
and (iii) the deterioration of lignin and/or non-volatile matter
with high thermal stability (above 400 °C).**°*"® Some authors
have analysed the progressive decomposition of biomass
occurring during the MA-HTC by thermogravimetric analysis
using this information. It was found that the use of high temp-

This journal is © The Royal Society of Chemistry 2021
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eratures and/or long reaction times produced a progressive
decrease in the hemicellulose peak until it completely dis-
appeared. At the same time, the peak referring to the cellulose
content moved towards higher temperatures, which revealed an
increase in the thermal stability of cellulose during the
process.”® This was believed to be a consequence of the
depletion of amorphous regions of cellulose fibrils and reten-
tion of highly compact crystalline cellulose, which increased the
decomposition temperature of this fraction.’® This information
was in good agreement with the work of Dai et al.,’* who used
this analysis to compare the thermal stability of hydrochar pro-
duced by conventional HTC and MA-HTC. They found that the
hydrochar produced with the former technology was more ther-
mally stable than that obtained by microwave heating.

3.2.5 Scanning electron microscopy (SEM) and Brunauer-
Emmett-Teller (BET) characterisation. SEM analysis has been
used to study and discuss the changes occurring in the mor-
phological structures of biomass and hydrochar during HTC.
In particular, the characterisation of the hydrochar and orig-
inal feedstocks revealed that the hydrochar usually had
rougher and more disoriented surface features compared to
the raw materials from which they were produced.®® These
developments are accounted for by a series of decomposition
reactions experienced by the most abundant biomass struc-
tural components (cellulose, hemicellulose, and part of lignin)
during the treatment. The most significant transformations
include the hydrolysis and dehydration of polysaccharides,
which develop microspheres on the surface of the hydrochar
to minimise the energy interface.”*

The effects of the MA-HTC processing conditions on the
surface properties of hydrochar have been analysed by some
authors. For example, Shao et al.®’ reported that increasing the
temperature (130-190 °C) and/or extending the holding time
(0.5-2 h) not only augmented the number of pores on the
surface of hydrochar, but also reduced the formation of micro-
spheres. In contrast, these authors also reported that an
increase in the solid/liquid ratio (between 1:7-1:10 m/m) did
not significantly impact the surface features of hydrochar. In
another study, Gao et al.”> found that extending the reaction
time led to complete cellulose and hemicellulose decompo-
sitions and increased the number of microspheres. In this
line, Elaigwu et al.”® also observed the presence of cumulable,
sphere-like microparticles (1-10 pm) formed from cellulose
decomposition and demonstrated (Fig. 4) that the partial
degradation of lignin was responsible for the rough texture of
hydrochar,**7*7®

The development of a fine porous structure is paramount
for the potential application of hydrochar as an advanced bio-
material, as reported by Nizamuddin et al®* These authors
pointed out that the hydrochar produced by the MA-HTC of
rice straw under optimum processing conditions was more
active in the adsorption of N, than the raw material. They
suggested that the formation of micropores and mesopores on
the hydrochar surface during the carbonisation process was
responsible for such an enhancement. In this line, the BET
surface area of hydrochar is a critical feature to consider for

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 SEM images showing the changes from the feedstock (a) to
hydrochar (b). Adapted from Elaigwu et al.”®

the commercial applications of this biomaterial. In this line,
Nizamuddin et al.®** found that tarry substances could hamper
the production of hydrochar with a high BET surface area
during the MA-HTC process.**"*>”> However, the comparison
between the BET areas of hydrochar produced by conventional
HTC and MA-HTC developed by Li et al.,”® revealed that when
similar temperatures (180-240 °C) were used, the MA-HTC
process yielded hydrochar with superior BET surface areas
using much shorter reaction times. This finding highlights the
inherent benefits of microwave irradiation.

4. Microwave-assisted hydrothermal
liquefaction (MA-HTL) for bio-crude
(bio-oil) production

The hydrothermal liquefaction (HTL) of biomass is a hydro-
thermal route, conducted at moderate temperatures
(200-450 °C) and relatively high pressures (5-25 MPa),
intended to convert biomass into a liquid product called bio-
crude or bio-0il.>>*°° This process, conducted using water as
the reaction medium, involves several reactions such as dehy-
drogenation, dehydration, decarboxylation, and deoxygena-
tion. As a result, the biomass decomposes into reactive frag-
ments, which further condense and repolymerise to produce a
high energy-dense, crude-like oil, namely, bio-crude.'®"*
These transformations also lead to the formation of solid
(hydrochar), aqueous, and gaseous products, similar to that
described for the HTC of biomass.”® But, the HTL process
requires more severe processing conditions than the HTC of
biomass.

The bio-crude produced by MA-HTL of biomass can be
used in various fields, including energy generation and/or
liquid biofuel and chemical (binder, adhesive, resin, and fla-
vouring) production.'”” Besides, compared to other thermo-
chemical processes for bio-crude/bio-oil production, such as
fast pyrolysis, HTL has several inherent benefits. In particular,
not only the HTL of biomass yields a liquid product with less
oxygen and a superior HHV,'*>'** but also it is conducted at
much lower temperatures. Besides, the utilisation of water as a

Green Chem., 2021, 23, 3502-3525 | 3509
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reaction medium dispenses with the need to dry the feedstock.
These factors not only substantially contribute towards the
energy efficiency of the process, but also make MA-HTL a very
sustainable technique for biomass valorisation.*'*® However,
the bio-crude produced might be unsuitable as a ‘drop-in’ fuel
due to low heating value, instability and high viscosity, pro-
perties inherited from the presence of oxygen-containing com-
pounds.'® A very appealing option to use this fraction as a
fuel is oxygen reduction via hydrodeoxygenation (HDO).'*®1°
Given these promising features, a lot of work has been con-
ducted on biomass HTL since it was firstly developed in the
1930s."'% As an effort to improve the energy efficiency of the
process and to take advantage of the excellent capability of
water to absorb microwave radiation, in 2006 Krzan et al.***'*?
reported the microwave-assisted hydrothermal liquefaction
(MA-HTC, also called direct liquefaction) of biomass using
microwave irradiation to achieve hydrothermal conditions for
the first time. Since then, quite a substantial work has been
conducted on this matter due to the inherent benefits of
running a hydrothermal process using microwave heating.
These include the time- and energy-saving features of this
method, the excellent controllability of the process, along with
the extreme purity and high yields of the desired products
compared to conventional heating.**'*™'" In the scope of
this section, the following will focus on the effects of the
MA-HTL processing conditions and the type of biomass on the
yields and properties of the bio-crude produced. The former
include the impacts of the temperature, time, pressure, solid/
water ratio, catalyst (type and amount) and microwave power.
At the same time, the latter comprises the effects on the
process of using different feedstocks such as pine and

View Article Online
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spruce,'® bamboo,"*® chicken cork waste,''” brewers’ spent
grains (BSG),''® straws, microalga (marine red seaweed), spent
coffee grounds and sawdust.'*® All these studies reported to
date suggest that MA-HTL is not only a potential alternative
technology with a great development prospect for the manu-
facturing of biofuels and/or bio-chemicals from second and
third biomass generations, but also an excellent niche for
further research.

4.1 Effect of the operating conditions on the yield and
physicochemical properties of bio-crude

The HTL of biomass is a complex route involving various reac-
tions. In general, the process can be divided into three stages:
(i) the depolymerisation of the feedstock by hydrolysis; (ii) the
formation of highly reactive species/fragments from decom-
posed biomass via dehydration, decarboxylation, and deami-
nation, which then evolve towards the formation of bio-crude
(bio-o0il) and/or gas, and, (iii) the repolymerisation and/or re-
condensation of the reactive fragments to yield complex solid
species (hydrochar and/or coke)."'®'*° The yield and physico-
chemical properties of the bio-crude produced by MA-HTL are
influenced by the conditions (temperature, time, catalyst,
solid/water ratio and microwave power) and the type of
biomass. These influences are summarised in Table 5 and dis-
cussed as follows.

4.1.1 Reaction temperature. Temperature plays a crucial
role in the conversion of biomass to bio-crude during the
MA-HTL process. By now, it is generally accepted that a moder-
ate temperature contributes to the degradation of the feed-
stock into bio-crude. Alternatively, the use of a high tempera-
ture promotes the repolymerisation or depolymerisation of

Table 5 Summary of the literature pertaining to microwave-assisted hydrothermal liquefaction of biomass

Biomass Reaction parameters Catalyst Major results Reference

Pine and spruce Temperature (150-250 °C), Ni-Co/Al- Total biomass conversion and the gas and Remon
pressure (50-120 bar), time Mg bio-crude yields are 13-77%, 7-67% and et al.'®
(0-2 h), biomass loading (1 : 50). 1-29%, respectively

Softwood Temperature (160-210 °C), time ~ H,SO, The highest lignin yield was obtained at Zhou
(5-20 min), power (300 W), 10 min and 190 °C et al.'*
biomass loading (1:75 (g mL™"))

Microalgae, marine red seaweed, Temperature (270 °C), time NaCl Biocrude yields were ~30 wt% (microalgae),  Yang

spent coffee ground and (20 min), biomass loading (1:9) ~17 wt% (marine red seaweed), ~25 wt% et al.'"’

sawdust (spent coffee) and 7.9-27.1% (ground and
sawdust)

Chicken carcasses Temperature (120-240 °C), time =~ — The highest yield (59.41%) of bio-crude was ~ Zhang
(2 h), power (400 W), biomass obtained at 240 °C etal.'’’
loading (20/45 g mL™")

Microcrystalline cellulose and Temperature (270 °C), time — The yields of bio-crude were 16.3 + 0.9 Yang

xylose (1:1) soy protein, (20 min), biomass loading (protein),10.2 + 1.6 (saccharide), 2.7 + 0.8 et al.'*

soybean oil, alkaline lignin (1:11) (lignin), and 103.8 + 0.2 (lipids), respectively

Bamboo Temperature (120-180 °C), time ~ H,SO, The highest conversion was 56.41% at Xie
(3 min), power (550 W), biomass 180 °C in water et al."®
loading (1:4)

Brewers’ spent grains (BSG) Temperature (180-250 °C), time  Ni-Co/Al- The overall conversion and the yields of gas,  Lorente
(0-2 h), biomass loading (1:20) Mg aqueous fraction and bio-oil were 31-68%, et al"®

10-33%, 9-48% and 4-14% with various
conditions, respectively

Bagasse Temperature (105 °C), time (4 h), H,SO,, The highest lignin yield (78.69%) is obtained  Li et al.'*?
biomass loading (1:15) CH;COOH after 30 min

3510 | Green Chem., 2021, 23, 3502-3525
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reactive biomass fragments, which forms solid or gas species,
respectively, and reduces the bio-crude yield.'**"*®

The effect of the temperature on the bio-crude yield during
the MA-HTL of biomass has been analysed by several authors.
Liu et al."* studied the yield of aqueous products produced by
the MA-HTL of rice straw. They found that the total organic
carbon displayed an initial increasing tendency (from 2.01 to
5.71 g L"), increasing the temperature from 150 to 190 °C.
still, the liquid carbon yield decreased to 5.4 ¢ L™" with a sub-
sequent temperature increment up to 230 °C. In another
study, Lorente et al.'*® studied the influence of several operat-
ing conditions (temperature, time, solid/water ratio and cata-
lyst loading) on the MA-HTL of brewers spent grains (BSG)
using a Ni-Co/Al-Mg catalyst. They reported that the effect of
the temperature on the bio-crude yield depended on the reac-
tion time and the amount of catalyst. For a short reaction time
(0 h) and in the absence of a catalyst, an increase in the reac-
tion temperature (180-220 °C) increased the gas and aqueous
fraction and bio-crude (bio-oil) yields. In contrast, a further
increase (up to 250 °C) dropped the bio-crude yield, and a
trend-off took place for the gas and liquid yields. These devel-
opments revealed that the bio-crude produced from biomass
could be subsequently transformed into solid species (hydro-
char) when high temperatures are used. Different trends for
these yields were observed when the MA-HTL was conducted
using a 2 h reaction time. In this case, a first increase in the
temperature from 180 to 220 °C slightly increased the yields of
the gas, bio-crude and aqueous phase. Additionally, a sub-
sequent temperature increment up to 250 °C substantially
increased the gas yield and produced a slight drop in the bio-
crude yield without significantly influencing the aqueous frac-
tion yield. These results suggested that part of the bio-crude
could be transformed into gas when MA-HTL is conducted at
high temperature and using long reaction times. These devel-
opments are in line with the work of Xie et al.,"*® who found
that increasing the temperature up to 180 °C led to a linear
increment in the yield of bio-crude. Nevertheless, other
different trends have been reported in the literature. For
example, Zhang et al.'’” addressed the MA-HTC of chicken
crack wastes and indicated that the bio-crude yield increased
differently depending on the temperature. Firstly, it augmen-
ted rapidly on increasing the temperature up to 160 °C, and
then slowly until a maximum (59.41%) was reached at 240 °C.
These differences may be a result of the non-lignocellulose
character of this feedstock. In another study, Remoén et al.'®®
addressed the MA-HTL of a mixture of pine and spruce using a
Ni-Co/Al-Mg catalyst. They found that the effect of the temp-
erature depended on the reaction time. When a short reaction
time (0 h) was used, the bio-crude yield was meagre and
unaffected by the reaction temperature. Conversely, for a 2 h
MA-HTL, increasing the temperature resulted in a substantial
increase in the bio-crude yield, with distinctive developments
taking place with and without a catalyst. These authors indi-
cated that some of these trends were also observed in conven-
tional liquefication."*® Thus, according to the above literature,
the MA-HTL of biomass is such a complicated process, and
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the optimum temperature should be determined based on the
feedstock, catalyst, and other operating conditions.

4.1.2 Reaction time. Reaction time is another crucial factor
affecting the bio-crude yield, whose impact can also depend
on the temperature. In general, the yield of bio-crude increases
with increasing reaction time. Nevertheless, this trend
depends on the temperature, as high temperatures also
promote bio-crude conversion into gases and/or solid species,
thus diminishing the bio-crude yield.

Many authors have covered the impact of these influences
on the process. According to Li et al,'*® the bio-crude yield
initially increased within the first minutes of the reaction,
then reached a peak (78.69%) and finally slightly decreased
due to the condensation of small molecules. Similar results
were obtained by Feng et al.,'** who proved that the yield of
liquified products reached a maximum (86 wt%) within the
initial 40 min of the process and then decreased down to
20.17% when reaction times longer than 50 min were used.
Liu et al.'™ found that the TOC (total organic carbon) of the
aqueous phase increased from 3.71 to 4.28 g L™" with increas-
ing residence time from 5 to 10 min, but then it decreased to
3.89 g L' when the MA-HTL process was conducted for more
than 30 min.

In addition to the individual influence of the reaction time,
it is important to bear in mind the existence of significant
interactions between this variable and temperature. For
example, Remoén et al.'®® found that the reaction time did not
substantially influence the gas or bio-crude yields at a low
temperature (150 °C). In contrast, when the process was con-
ducted at a high temperature (250 °C), the bio-crude yield
increased with prolonging the reaction time between 0 and 1 h
and then stabilised when longer reaction times (up to 2 h)
were used. In another study, Lorente et al''® reported that
increasing the reaction time from 0 to 2 h significantly
reduced the bio-crude yield regardless of the temperature.
They found that the interaction between the reaction time and
temperature was not significant for the bio-crude yield;
however, it was for the gas and aqueous phase yields. Different
outcomes were observed depending on the combination of
temperatures and times used in the MA-HTL process.

4.1.3 Catalyst. The main objectives of a catalyst are to
reduce the formation of solid species (hydrochar) and to
increase the liquid yield and quality. Furthermore, the
addition of a catalyst can also help decrease the reaction temp-
erature and pressure and reduce the reaction time.! The cata-
lysts commonly used for the HTL of biomass comprise homo-
geneous alkali salts (Na,CO;, BaOH,, CaOH,, K,CO; and
KHCO3) and acids (H,SO4, HCOOH, CH3COOH) along with
heterogeneous metals (Pt, Ni, Ru, and Pd) supported on metal
oxides (MnO, MgO, NiO, ZnO, CeO,, and La,03), zeolites or
carbon nanotubes.' '

However, work covering the use of a catalyst for the
MA-HTL of biomass is scarce as this technology is still in an
early development stage. In general, it has been reported that
increasing the catalyst loading promoted the hydrolysis of
biomass, which consequently helped increase the bio-crude

Green Chem., 2021, 23, 3502-3525 | 3511


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1gc00623a

Open Access Article. Published on 07 April 2021. Downloaded on 3/19/2026 10:43:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

yield. In this regard, Li et al.'™ extracted lignin from bagasse
using oxalic acid as a catalyst, and found that an increase in
the amount of catalyst promoted the liquefication yield, which
was at its highest when a catalyst concentration of 15 vol% was
used. Interestingly, an increase in the catalyst loading did not
significantly influence the liquefaction yield. In another work,
Remoén et al.'® produced bio-crude from a mixture of pine
and spruce biomass and found that the addition of a catalyst
(Ni-Co/Al-Mg) had no significant influence on the overall
biomass conversion. However, the catalyst greatly affected the
overall distribution of reaction products (yield of gas and bio-
oil/bio-crude) and the bio-crude properties. Similar results
were also reported by Lorente et al.''® when used the same
catalyst for the MA-HTL of BSG. These developments were
accounted for by the heterogeneous nature of the catalyst,
which resulted in mass transfer limitations between the cata-
lyst and the solid biomass. Still, the presence of a catalyst pro-
moted the hydrolysis and gasification of depolymerised liquid
species formed during the treatment.*®

The literature reported to date shows that, in general, the
bio-crude yield is more affected by the processing conditions
in comparison to the hydrochar yield. These differences might
be accounted for by the number and type of chemical trans-
formations involved in the production of bio-crude or hydro-
char. During the MA-HTL of biomass, the bio-crude can be
produced from different fractions and also evolve towards
various products. For example, part of the bio-crude can be
converted into gas and/or repolymerise to produce solid
species. Besides, the bio-crude and the aqueous phase are in
equilibrium, and some organics can shift from the liquid
phase to the bio-crude and vice versa. However, more work
addressing the effects of the processing variables and inter-
actions between variables is needed to gain more insights into
the impact of the conditions on the yields of bio-crude and
hydrochar.

4.1.4 Other factors: solid/water ratio, biomass type,
pressure and microwave power. The solid (biomass)/water
(solvent) ratio significantly influences the amount of bio-crude
produced during the MA-HTL of biomass. In the vast majority
of the studies conducted, bio-crude production is favoured
using low solid/water ratios. However, the energetic aspects of
the process must also be evaluated, and the right balance
should be struck. A low biomass loading requires more energy
to be used for heating water, which also increases the costs of
possible wastewater treatments.'®" The effect of this variable
on the bio-crude yield has been assessed by several authors.
Guo et al.™' reported that the liquefaction yields initially
increased sharply with decreasing solid/water ratio (ie.,
increasing the water/solid ratio). Then a trend-off was observed
with a further increase in the water/solid ratio.

Pressure, particle size and microwave power are also impor-
tant parameters that influence the efficiency of the process,
thus controlling both the distribution of the overall reaction
products (gas, bio-crude, hydrochar and aqueous fraction) and
the properties of each fraction. In the vast majority of the
studies addressing the MA-HTL of biomass, the effect of the
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pressure was not analysed independently as they were carried
out under autogenous pressure. However, Remén et al.'® and
Lorente et al.'*® examined the effect of the pressure indepen-
dently. They reported that increasing the MA-HTL treatment
pressure reduced the dielectric loss factor of water, which
limited the microwave efficiency. This promoted the formation
of chemicals produced at early reaction stages (e.g. water-
soluble sugars) and decreased the yields of bio-crude and gas
at the expense of the formation of water-soluble species. The
effect of the particle size also influences the efficiency of the
MA-HTL process. In particular, the microwave efficiency
increases with biomass small particle sizes, which also helps
decrease the amount of solvent required to achieve the
same conversion degree. This is in good agreement with the
work of several authors, who have reported that the bio-crude
yield increased as the solid particle size of the processed
biomass decreased.''*'** Also, the microwave power also
determines the distribution of the overall reaction products.
Guo et al.'®' revealed that augmenting the microwave power
from 200 to 400 W led to a gradual increase in the liquefaction
(bio-crude) yield. At the same time, a subsequent increase
from 400 to 600 W diminished the bio-crude production at the
expense of the formation of hydrochar, as the use of high
microwave power promoted the carbonisation of the bio-crude
produced.

The yield and physicochemical properties of the bio-crude
produced during the MA-HTL depend on the type of biomass,
due to the intrinsic differences in structural compositions
between biomasses in terms of saccharides (cellulose and
hemicellulose), lignin, proteins, and lipid contents. This not
only does influence the overall reaction pathway of the process
individually, but also modifies the individual decomposition
behaviour of each structural compound as possible inter-
actions between them might affect the yields and properties of
the reaction products.'® Regarding the reactivity of each struc-
tural component alone, it has been found that higher bio-
crude yields were produced with biomasses with high sacchar-
ide (cellulose and hemicellulose) contents, due to their easier
degradation during the process in comparison to lignin. In
contrast, a lower bio-crude yield was attained using biomasses
with high proportions of this latter component due to its ten-
dency to repolymerise.”” With this in mind, Yang et al'*®
addressed the influence of the type of biomass on the bio-
crude yield. In particular, they subjected four types of feed-
stocks with different compositions (Chlorella sp. red seaweed,
spent coffee grounds, and sawdust) to MA-HTL, using water
and seawater as the reaction media. They found that the yield
and quality of the bio-crude substantially depended on the
feedstock. In parallel work, Yang et al.'>® also processed four
individual structural components (saccharide, lipid, protein,
and lignin) along with their mixtures. They obtained various
bio-crude yields and chemical compositions and detected
several synergistic and antagonistic interactions. As such,
these findings provided more pieces of evidence for the fact
that the feedstock composition exerts a substantial influence
on the MA-HTL process.

This journal is © The Royal Society of Chemistry 2021
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4.2 Characterisation of the bio-crude

4.2.1 Elemental composition and higher heating value
(HHV). Table 6 compares the HHV of hydrochar and bio-crude
produced by MA-hydrothermal carbonisation/liquefaction of
biomass. It has been widely accepted that increasing the temp-
erature, enlarging the reaction time and/or increasing the cata-
lyst loading promote the development of deoxygenation and
decarboxylation reactions. As a result of these transformations,
the amounts of C, N, and H in the bio-crude increase and the
proportion of O decreases, leading to a rise in the higher
heating value (HHV) of the bio-crude. Lorente et al."'® reported
that increasing the temperature, enlarging the reaction time,
and/or augmenting the catalyst loading during the MA-HTL of
BSG increased the relative contents of C, N and H in the bio-
crude and decreased the proportion of O because deoxygena-
tion reactions took place to a more significant extent.
Additionally, Remon et al'® revealed that among these
factors, the catalyst loading was the most substantial variable
affecting the composition and HHV of the bio-crude during
the MA-HTL of a mixture of pine and spruce. In this case, the
effect of the other processing conditions was only significant
with high catalyst loadings. In addition, for biomasses with
high protein content, the extension of the Millard reaction was
considered a key factor affecting the composition of bio-crude.
Zhang et al.'" reported that with high temperatures, the nitro-
gen content of the biomass was transferred to the bio-crude
via the Maillard (amino compounds with sugars) and conden-
sation (ammonia and fatty acids) reactions. These transform-
ations resulted in the formation of N-heterocyclic compounds
and amides in the bio-crude, which increased the proportion
of N in this liquid.

Table 6 Comparison of HHVs of hydrochar and bio-crude

HHV (M]
Products Biomass kg™) Reference
Hydrochar Rice straw 17.8 Nizamuddin
et al.®*
Pig faeces 21.5-23.4 Wang et al.®®
Corn stock 22.82 Kang et al.®®
Rapeseed husk 21.57 Elaigwu
etal”®
Red seaweed 18.8-24.7 Cao et al.®°
Red macroalgae 14.93-18.07  Teh et al.®
Green waste 17.91-23.01  Shao et al.*’
Palm kernel shell 27.63 Zainal et al.*®
Sugarcane bagasse 18.45-20.58  Chen et al.®'
Bamboo sawdust 18.27-20.83  Dai et al.”®
Prosopis africana shell 21.84-22.37  Elaigwu
etal®
Bio-crude  Brewers’ spent grains 9-27 Lorente
et al.m®
Microalgae, marine red ~ 24.3-32.0 Yang et al."*’
seaweed, spent coffee
ground and sawdust
chicken carcasses 26.46 Zhang et al.""’
Pine and spruce 4-28 Remoén
et al.'®
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4.2.2 Chemical composition. Biocrude produced during
the HTL of biomass consists of a complex mixture of several
compounds of different nature, including aldehydes, ketones,
phenols, alkanes, fatty/carboxylic acids, and nitrogen com-
pounds.’® The presence and abundance of these species in
bio-crude are directly linked to the composition of the raw
material and the reaction conditions (temperature, time,
pressure and catalyst type and loading) used in the HTL
process. The chemical determination of these species in the
bio-crude is complex, as this liquid also contains some high
molecular weight compounds, primarily derived from lignin,
that cannot be determined by Gas Chromatography (GC).
Remon et al.'® reported that only around 25 wt% of the com-
pounds present in bio-crude obtained from lignocellulose
biomass could be analysed by GC.

The MA-HTL of biomass includes a variety of complex reac-
tions, involving hydrolysis, dehydration decarboxylation, dea-
mination and polymerisation. Fig. 5 shows a possible reaction
pathway showing some of the essential chemical transform-
ations occurring during the MA-HTL of biomass. Cellulose and
hemicellulose in biomass firstly depolymerise to oligomers via
hydrolysis reactions. Then these oligomers are further hydro-
lysed into monosaccharides and subsequently converted to
aldehydes under more severe conditions. Afterwards, these
aldehydes can be converted to carboxylic acids, while insoluble
humins can also be obtained via repolymerisation reactions."*®
The lignin fraction is transformed into phenolic compounds,
through the cleavage of ether-bonds and hydrolysis reactions,
and/or solid species via repolymerisation. Lipids are firstly
hydrolysed into fatty acids, triesters and glycerol (triacylglycer-
ides, TAGs) and then converted to alkanes and/or aldehydes/
alcohols under alkaline conditions. The transformation of pro-
teins starts with an initial hydrolysis reaction yielding amino
acid units, which are then transformed to either carbonic
acids and amines via decarboxylation or ammonia and car-
boxylic acids by deamination. At the same time, the amino
acids can also react with monosaccharides through the
Maillard reaction, leading to the formation of more nitrogen-
containing chemical compounds.*®*?”712°

Given this complex reaction pathway, the chemical compo-
sition of bio-crude depends on the operating conditions used
in the MA-HTL process and the nature of the feedstock. In
general, a complete reaction (achieved by increasing the temp-
erature, reaction time and catalyst loading) enhances the for-
mation of phenols, thus decreasing the number of aldehydes
and carboxylic acids, as the latter species are produced at early
reaction stages.'®® More specifically, Zhang et al.''” reported
that an increase in the temperature reduced the total fatty acid
content in the bio-crude. Additionally, Lorente et al.''® also
discovered that increases in the temperature, time and/or cata-
lyst amount promoted biomass depolymerisation reactions.
These transformations led to an increment in the proportion
of low molecular weight species (furans, phenols, aldehydes,
ketones and carboxylic acids) in the bio-crude at the expense
of species produced at early reaction stages, such as aldehydes
and carboxylic acids. In another study, Remén et al.'** revealed

Green Chem., 2021, 23, 3502-3525 | 3513


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1gc00623a

Open Access Article. Published on 07 April 2021. Downloaded on 3/19/2026 10:43:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

View Article Online

Green Chemistry

I 1 1
1 1
Polysaccharide Monosaccharide i
Aldehydes Acids E
Glucose i
Cellulose +=|-=======|-=3 >t HMF = Levulinic acid H
Fructose B S S - Humins
Hemicellulose - - - —-—-—-—-—-+- >| Xylose r----r---------- > Furfural ------- "3 Formic acid
1
E
1
. . . i
Protein [=====-=--- H{Aminoacids - "E Nitrogen-containing chemicals ' Ammonia organic acids
: — > Chas
Phenols i Pyridines Pyrroles Lactic acid Acetic acid
Phenol ’ — S
I e eno's Pyruvic acid Formic acid
i Catechol o
Carbonic acid Propionic acid
Cresols and amines.
Aldehydes Alcohols
TAGs Formaldehyde Methanol
Glycerol ~==-=----- > i
Lipid |----=--=-- 5 Acetaldehyde Ethanol
F ids
atty acids Acrolein Allyl alcohol
:
: Alkane

-———>

-———

------> | Dehydration

Decarboxylisation ‘ -————> ‘Deamination

------ > [Pymeimion

‘ Maillard reaction

Fig. 5 Possible reaction pathway during the hydrothermal processing of biomass.

that more substantial extensions of isomerisation, cyclisation,
and dehydration reactions increased the presence of phenols.
They also dropped the relative number of species produced at
early reaction stages, such as aldehydes and carboxylic acids.
These results are also consistent with the FT-IR bio-crude
characterisation data discussed in the next section. Yang
et al.">* investigated the bio-crude formation from four model
compounds by MA-HTL, addressing how and to what extent
each combination influenced the chemical composition of the
bio-crude. The experimental results revealed that bio-crude
with different compositions was obtained, thus confirming the
significant effect of the feedstock on the process.

4.2.3 Fourier transform infrared (FTIR) spectroscopy. Bio-
crude (bio-oil) is a remarkably complex mixture. Thus, consider-
ing the limitation described above for its determination using

GC only, several authors have complemented this analysis with
FTIR characterisation. The most common bands observed
during the characterisation of bio-crude produced by MA-HTL
are listed in Table 7. This information provides an excellent
reference tool for the characterisation of these complex liquids.

5. Microwave-assisted hydrothermal
treatment (MA-HTT) for the
production of renewable value-added
chemicals and biomaterials

Microwave-assisted hydrothermal treatment (MA-HTT) can
also be used for the production of value-added chemicals and

Table 7 Common characteristic bands found in bio-crude identified by FTIR

Absorption band (cm™) Assignment

Component Reference

3100-3500 O-H stretching vibration
2925 and 2857 C-H stretching vibrations
1650-1730 C=0 stretching
1550-1490 NO, stretching
1575-1525 N-H bending vibration
1470-1350 C-H bending

1300-950 C-O stretching alcohol
1050-1200 O-H bending

915-650 O-H bending

880-680 C-H bending

3514 | Green Chem., 2021, 23, 3502-3525

Zhuang et al.'"'
Zhuang et al.'"*
Guo et al.'*V'*!
Zhuang et al.'**

Water, phenols, fatty acids

Alkanes or fatty acids

Ketones, aldehydes, carboxylic acids
Nitrogenous compounds

Amines and amides Zhang et al.""”
Aliphatic and alkyl aromatic compounds Zhang et al.""”
C-O stretching alcohol Zhuang et al.'"'
Phenol, esters, ethers Guo et al.**!
Phenol, esters, ethers Zhuang et al.'"'
Aromatic compounds Guo et al.'*

This journal is © The Royal Society of Chemistry 2021
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biomaterials.’*® As described above, the use of microwave
heating to achieve hydrothermal conditions has several advan-
tages over conventional heating, primarily including time and
energy savings and higher product yields.*>'*® During the
MA-HTT, biomass decomposes into valuable water-soluble
compounds, which can be used in a plethora of applications.
This section lists the work reported to date on the use of
MA-HTT for the manufacture of valuable products and bioma-
terials, carefully addressing the effects of the processing con-
ditions and biomass type. Table 8 summarises the literature
addressing the MA-HTT of biomass for the production of
value-added liquid compounds.

Bio-alcohol production from lignocellulosic biomass-
derived sugars has attracted widespread interest owing to the
inherent benefits of this method, i.e., it is renewable, economi-
cal, and environmentally friendly."*" Biological fermentation
of sugars is a possible way to produce bioenergy; however, the
intrinsic recalcitrant structure of biomass (coexistence of
lignin in the plant cell and the high crystallinity degree of cell-
ulose) hinders the direct fermentation of biomass. Thus, a pre-
treatment step is necessary to prepare biomass for a sub-
sequent fermentation process.'*” This preparation step com-
prises the removal of lignin and the decrease of cellulose crys-
tallinity, along with an increase in the surface area and pore
volume of the biomass. To this end, several pretreatment
technologies have been used over the past few years, such as
physical (e.g. grinding, ball milling, extrusion, chip, and press-
ing), chemical (e.g. acids, ionic liquids, alkali, organic solvents,
metal chlorides), physicochemical (e.g. steam explosion, super-
critical CO,, plasma) and biological (e.g. fungal, microbial,
and enzyme) treatments. Each method has its own merits and
demerits. For instance, physical treatment is highly energy-
consuming and not very good at lignin removal; chemical
methodologies (acids and alkalis) could not be environmen-
tally friendly depending on the acid/base used, while biologi-
cal processes are very lengthy and not very efficient in terms of
the yield of desired products.'®®

Given these drawbacks, Ooshima et al.'®® proposed, for the
first time, the use of the MA-HTT of biomass as a pretreatment
step for biomass fractionation of hardwoods and softwoods.
Since then, a lot of work has been conducted as this techno-
logy is considered superior in terms of effectiveness and
product selectivity to other technologies. Besides, it is more
controllable, energy-efficient and time-saving.*®> This excellent
process controllability allows maximising the sugar yield as
well as minimising the number of inhibiting fermenting com-
pounds (e.g. furfural, HMF, acetic and formic acids, and phe-
nolic compounds). This strategy has been used to produce sac-
charide-rich aqueous solutions for subsequent fermentation
processes. The work reported to date on the effect of proces-
sing conditions on biomass conversion into fermentable sac-
charides is described as follows.

5.1 Effect of the operating conditions on the yield of sugars

5.1.1 Reaction temperature. Temperature exerts a dual
effect on the process and must be controlled carefully. On the

This journal is © The Royal Society of Chemistry 2021
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one hand, high temperatures promote the hydrolysis of poly-
saccharides into fermentable saccharides. On the other hand,
they also favour the subsequent decomposition of the latter
species into secondary products, such as furfural, HMF and
carboxylic acids, and boost lignin depolymerisation yielding
phenolic compounds. All these species are common inhibitors
for most of the yeasts used for saccharide fermentation.'®**¢
Therefore, as temperature plays a crucial role in the saccharide
yield and purity, the effect of this variable has been carefully
studied and reported in the literature. Lopez-Linares et al.'*
studied the MA-HTT of brewer’s spent grains (BSG) for sugar
production. The experimental results indicated that the
optimum temperature and time were 192.7 °C and 5.4 min,
respectively: conditions under which it was possible to recover
in the enzymatic hydrolysate up to 64 wt% of the total hemicel-
lulosic sugars and 70% of all the recoverable glucose.
Similarly, Mihiretu et al.'*® processed aspen wood and found
that the maximum xylan yield (ca. 66.1%) was obtained at
195 °C by conducting MA-HTT for 20 min. Xu et al.**® explored
the MA-HTT of eucalyptus biomass using acidic ionic liquids
as catalysts. They found that increasing the temperature posi-
tively influenced the yield of the xylose monomer between 150
and 190 °C, as it increased from 2.52 to 49.58 mg g, and
exerted a negative impact above 200 °C due to the progressive
degradation of xylose at high temperature. Yuan et al'*®
reported that the yield of hemicellulose presented an initial
gradual increase (41.26 to 68.40 mg g_l) as the temperature
increased from 160 to 180 °C, and then upsurged sharply to
105.15 mg g~ ' when the temperature reached 200 °C. They
explained that this pronounced increase was due to the lower
pH and more effective diffusion capability of water at a higher
temperature. Luo et al.'®” also found that the highest hemi-
cellulose conversion took place at 200 °C. Sasaki et al.'*?
obtained the highest glucose yield (0.48 g/g) during the
MA-HTT of Styrax tonkinensis wood at 200 °C for 1 min using
1% (w/w) of sulfuric acid as a catalyst. Yuan et al.**' conducted
an acid MA-HTT of Ascophyllum nodosum, found an optimum
temperature at 150 °C, and reported a progressive reduction in
the monosaccharide yield at 180 °C.

5.1.2 Reaction time. Reaction time also exerts a significant
influence on the sugar yield. Besides, its relative impact relies
on the processing temperature. At low temperature, the effect
of the reaction time is relatively weak. In contrast, the combi-
nation of high temperatures and long reaction times (high
process severity) results in a synergistic increment in the reac-
tion rate of hydrolysis and secondary reactions. The latter
diminishes the yield of sugars and increases the presence of
side products. Therefore, these data suggest that the best pro-
cessing variable combination is the use of a relatively high
temperature for a short reaction time to maximise the sacchar-
ide content and diminish the subsequent transformation of
these species into degradation/secondary products.'*

Several authors have addressed the effect of the reaction
time on the oligosaccharide production by MA-HTT of
biomass. Deng et al'*® extracted xylo-saccharides from
corncob and reported that increasing the reaction time
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Table 8 Microwave-assisted hydrothermal treatment of biomass for value-added chemical production

Products Biomass Reaction parameters Catalyst Results Reference
Sugars Ficus religiosa leaves ~ Temperature (85-109 °C), time HCI Higher (10.1 wt%) glucose yield was Klein et al.**
(2-15 min), biomass loading achieved compared to the conventional
(1:20 m/m) process (4.1 wt%)
Brewer’s spent grains  Temperature (135.5-220 °C), time =~ — 64% hemicellulosic sugar recovery and Lopez-Linares
(20-35 min), biomass loading 70% glucose recovery were obtained at et al.'®
(1:10 m/m) 192.7 °C and 5.4 min
Sorghum bagasse Temperature (100-160 °C), time Ammonium The best glucose yield (42%) and Chen et al."**
(60 min), biomass loading hydroxide ethanol yields (21%) were obtained at
(1:8m/m) 130°Cfor1h
Arecanut husk Time (1 and 3 min), power (180, NaOH The maximum hemicellulose yield Singh et al.'**
540, 900 W) (52%) was obtained at 900 W and 3 min
Microalgae Temperature (80-140 °C), time — Microwave technique increased the Biller et al."**
(12 min), biomass loading lipid recovery (from 0.5 to 1.4 wt%)
(1:10 m/m)
Eucalyptus Temperature (140-200 °C), [bmim]HSO, 5.04 wt% of xylooligosaccharides and Xu et al."*’
biomass loading (1:10 m/m) 26.72 wt% of xylan were achieved.
89.2% glucose conversion with a 64.9%
solid recovery
Sago pith waste Time (1-5 min), power (550-900 CO, The highest theoretical yield of glucose =~ Thangavelu
W), biomass loading (1: 12 m/m) (43.8%) and ethanol (40.5%) was et al."®
obtained
Cotton waste Temperature (180-200 °C), time H,S0, The highest glucose yield was 28.9%, Sasaki et al.**

Sago pith waste

Ascophyllum nodosum

Bode (Styrax
tonkinensis) wood

Sugarcane bagasse

Sago palm bark

Pineapple peel

Aspenwood sawdust
and sugarcane trash

Pubescens powder

Tobacco biomass

Corncob
Cassava pulp and
tapioca flour

Sugarcane bagasse

Beech wood
hemicellulose

Rapeseed meal

(1-15 min), biomass loading
(1:40 m/m)

Time (1-3 min), power (550-900
W), biomass loading (1:15 m/m)

Temperature (120-180 °C), time
(0-30 min), biomass loading
(0.6%-6%, w/v)

Temperature (180-200 °C), time
(1-5 min), biomass loading
(1:20 m/m)

Temperature (170 + 5 °C), time
(3-10 min), biomass loading
(1:40 m/m)

Time (5-15 min), power (80-800
W), biomass loading
(1:10-1:20 m/m)

Time (5-20 m), power (90-900 W),
biomass loading (100-160 g L™?)

Temperature (170-200 °C for
aspen wood and 165-195 °C for
sugarcane trash), time (8-22 min),
biomass loading (1:1 m/m)
Temperature (140-216 °C),
biomass loading (1:20 m/m)

Temperature (120-200 °C), time
(0-40 min), biomass loading
(1:20 m/m)

Temperature (130-150 °C), time
(0-40 min), biomass loading
(1:20 m/m)

Temperature (180-240 °C), time
(5-18 min), biomass loading
(1:20 m/m)

Temperature (90 °C), time
(20-40 min), biomass loading
(1:25 m/m)

Temperature (140-210 °C), time
(0-60 min), biomass loading
(1:4-1:20 m/m)

Temperature (150-210 °C), time
(0-60 min)

3516 | Green Chem., 2021, 23, 3502-3525

H,S0, and HCI

H,S0,

H,S0,

NaOH/H,S0,

H,S0,, NaOH,
NaHCO;

Activated carbon

H,S0,

CH,COOH

obtained at 200 °C for 7 min

The highest glucose yield (88%) was
obtained at 900 W for 1 min with

1.0 mol L™" H,S0,

The highest yield of monosaccharides
(127 mg g~") was obtained at 150 °C for
1 min with 0.4 M H,SO, and 3.13%
(w/v) biomass concentration

The highest yield (0.48 g/g) of glucose
was obtained at 200 °C for 1 min with
1.0 wt% H,SO,

The highest sugar yield (86%) was
achieved using 0.2 M H,SO, for 7 min

Diluted acid/alkali concentrations, low
temperature and short reaction times
increased the digestibility of the
lignocellulosic material for the
following hydrolysis process

The highest total sugar yield (80.2%)
was obtained at 900 W for 9 minutes
using 100 g L™ biomass loading

The highest xylan extraction yields (66%
and 50%) and cellulose digestibilities
(78 and 74%) were obtained from aspen
wood and sugarcane trash, respectively
The highest dissolution of
hemicellulose (more than 95%) was
obtained at 200 °C

The best condition for hemicellulose
extraction from extracted non-structural
carbohydrates was 200 °C and 0 min,
and the yield was 105.15 mg g~ *.

The maximum yield of xylo-sugars
(86.10%) was obtained at 130 °C for

30 min

The highest glucose yield (52.27%) was
obtained from cassava pulp at 210 °C
for 15 min

The highest yield of XOS was 290.2 mg
g~ with 0.24 M H,S0, for 31 min

The result is 81% liquid yield and 96
C-wt% XOS purity, which was obtained
at 172 °C, 1: 20 m/m biomass loading
for 47 min

The best condition for lignin solid

(85 wt%) and a water solution with rich
oligosaccharide obtained at 186 °C for
2 min

Thangavelu
et al.™®

Yuan et al.***

Sasaki et al.**

Zhu et al.**?

Ethaib et al.***

Chongkhong
et al'®®

Mihiretu

et al.**®

e Silva et al.**”

Yuan et al.**®

Deng et al.**®

Hermiati
et al.**°
Bian et al.***

Remon
et al.**?

Remon
et al.**?
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Products Biomass Reaction parameters Catalyst Results Reference
HMF, furfural ~Carnauba leaves, Temperature (120-200 °C), time TiO, The highest production yield of HMF/ da Silva
and macauba pulp, (5-60 min) furfural was 53.24% Lacerda
carboxylic macauba shell and et al.">*
acids pine nutshell
Wheat straw, triticale ~Temperature (140-190 °C), time HCI, H,SO,, Furfural yields were 48.4% (wheat Yemis et al."*®
straw and flax shives ~ 1-30 min), biomass loading H3PO,, HNO;, straw), 45.7% (triticale straw), and
(1:5-1:200 m/m), pH (2-0.13) CH;COOH, 72.1% (flax shives), respectively at
HCOOH 180 °C for 20 min with 0.1 M HCI and
1:100 m/m biomass loading
Sugarcane bagasse Temperature (130-190 °C), time HCl The highest HMF yield (8.1 wt%) was Shao et al.'>®
(1-60 min), biomass loading obtained at 149 °C, 4 min and liquid/
(1:8-1:20 m/m) solid 12 : 1 m/m ratio
Corn stover Temperature (180-200 °C), time Niobium Optimised furfural yields up to 23% at Bernal et al.'>®
(10-30 min), biomass loading phosphate 170 °C for 30 min
(1:20 m/m)
Giant reed Temperature (140-190 °C), time — Giant reed represents a promising Antonetti
(5-45 min), biomass loading prospect of FA (70%) and LA (90%) et al.**
(7:100 m/m) theoretical yield
Corncob Temperature (160-190 °C), time SnCl, The highest furfural yield (9.0 wt%) was ~ Ren et al.*>’
(0-50 min), biomass loading obtained at 190 °C with 1 wt% SnCl,
1:20 m/m)
Wheat straw Temperature (140-200 °C), time HCl The highest yields of furfural, HMF, Yemis et al."*®

Corn stover,
switchgrass,
lodgepole pine and
poplar

Potato peel waste
and fungus
sporocarps

(1-41 min), pH (0.1-2.1) biomass
loading (15-195 mL g ™)
Temperature (180-210 °C), time
(0-10 min), biomass loading
(1:100 m/m)

Temperature (140-180 °C), time
(15-60 min), biomass loading
(1:10 m/m)

Maleic acid

H,SO0,,
CrCl;-6H,0 or
AlCl,;-6H,0

xylose and glucose were 66%, 3.4%,
100%, and 65%, respectively

The highest yield (61%) of furfural was
obtained at 200 °C for 28 min from
corn stover

The highest levulinic acid yield (49%)
from potato peel waste was obtained at
180 °C, 15 min, with 0.5 M H,SO, and

Kim et al.*>®

Lappalainen
et al.*®®

Seaweed-derived
agarose

Temperature (180 °C), time
(5-30 min), biomass loading
(1:25 m/m)

(0-40 min) increased the xylose yield (from 20.63% to 74.72%)
at 130 °C. A similar trend was also obtained at 140 °C, while at
150 °C, the xylose yield decreased when long reaction times
were used (69.20 at 30 min and 56.36% at 40 min), due to the
degradation of xylose into byproducts. Klein et al.'*' studied
the MA-HTT of Ficus religiosa leaves for bioethanol production
and observed that an initial increase in the reaction time
(from 2 to 8 min) led to an increment in the glucose yield
(from 4.8 to 9.1 wt%). Conversely, a further time increment
(8-15 min) reduced the glucose yield (about 7%) due to the for-
mation of insoluble humins from the condensation of the
HMEF yielded from the dehydration of glucose. Sasaki et al.'*°
addressed the MA-HTT of cotton waste for glucose and valu-
able chemical production. These authors found that at 200 °C
with 0.25 wt% sulfuric acid, the hydrolysed glucose yield
increased (5.08-25.0 g) with prolonging the reaction time
(1-7 min). A subsequent increase in the reaction time was det-
rimental, and the glucose yield decreased (20.8 g) after 7 min
due to a progressive degradation into secondary products.
5.1.3 Catalyst. Minerals (H,SO, and HCI) and, to a lesser
extent, carboxylic (CH3;COOH) acids are the most used catalysts
during the MA-HTT of biomass for oligosaccharide
production.’*>'** These acids provide additional protons to

This journal is © The Royal Society of Chemistry 2021

0.0075 M CrCls, respectively. 62% yield
from Cortinarius armillatus was
obtained at 180 °C, 40 min with 0.5 M
H,S0, and 0.0075 M CrCl;, respectively
The highest HMF (51%, without a
catalyst) and LA (64%, with 1 wt%
H,S0,) yields were obtained at 180 °C
for 10 min

Francavilla
et al.'**"

H,S0,, MgCl,

the reaction medium. This helps break down the strong chemi-
cal bonds of polysaccharides, yielding soluble mono- and/or
oligosaccharides. However, the catalyst dosage must be care-
fully controlled as high acid concentrations may lead to the
degradation of reducing sugars to undesirable byproducts,
diminishing the yield of fermentable species and increasing
the amounts of inhibitors in the hydrolysate.****

The effect of the type and acid concentration on the
MA-HTT of biomass to produce fermentable species has been
carefully discussed in the literature. Yuan et al.'*' found that
the monosaccharide yield initially increased with increasing
acid concentration (0.01-0.4 M H,SO,). However, the use of
higher concentrations along with prolonged reaction times led
to reductions in the sugar yield due to the formation of by-pro-
ducts. Similarly, Sun et al.*®® reported that the concentration
of sulfuric acid displayed a positive effect on the glucose yield
with low catalyst dosages. In contrast, the use of H,SO, con-
centrations greater than 0.04 M exerted a negative impact, as
oligosaccharides were converted into secondary products. In
another study, Remoén et al.">® used CH;COOH as a catalyst in
the fractionation of rapeseed meal by MA-HTT. They found
that an increase in the concentration of CH;COOH exerted a
significant influence on the process. For the production of a
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fermentable broth, they reported that an increase in the cata-
lyst loading increased the amount of sugars in the liquid
hydrolysate under some conditions and inhibited the for-
mation of humins.

Besides, alkali salts and activated carbon have also been
used as catalysts in this process. Tsubaki et al.** revealed that
the halide salts of alkali and alkali earth metals improved the
efficiency of the MA-HTL of biomass and reduced the energy
consumption during the treatment by increasing the frequency
factor of the reaction. Furthermore, in another study, these
authors reported that NaCl effectively catalysed the MA-HTT of
corn starch. The catalyst was capable of increasing the yield of
reducing sugars by 1.14-1.15-fold using a much lower temp-
erature (10-20 °C) than when the process was conducted in
the absence of a catalyst.”® Hermiati et al.'*® proved that
using activated carbon (1 g carbon per g biomass) as a catalyst
not only increased the glucose yield during the MA-HTT of
cassava pulp (32.41 to 44.49%) and tapioca flour (55.11 to
71.93% for), but also it allowed achieving the same degree of
conversion using lower temperatures (from 230 to 220 °C and
from 240 to 200 °C for the former and the latter feedstock,
respectively).

5.1.4 Other factors: solid/water ratio and microwave power.
Biomass loading (solid/water ratio) and microwave power also
exert significant influences on the process. Nonetheless, their
effects are less critical, and few works have addressed the
impact of these parameters during the production of sugars by
MA-HTT of biomass. Yuan et al.'*' revealed that a decrease in
the solid/water ratio (5.63-0.63 wt% biomass loading)
increased the monosaccharide yield (100-176.18 mg g )
during the MA-HTT of brown seaweed at 150 °C with 0.4 M
H,SO,. These data are in good agreement with the work of
Remon et al.,'®® who found that an increase in the solid/water
ratio decreased the amounts of sugars during the MA-HTT of
several biomass structural components (cellulose, hemi-
cellulose and alginic acid). Both authors reported that such an
effect was accounted for by a less efficient water biomass
contact when high solid/water ratios were used.

An increase in microwave power produces higher power
densities, increasing production rates and diminishing associ-
ated energy production costs.’*® Thangavelu et al.**® found
that the highest glucose yield (43.8%) was obtained with a
high microwave power (900 W) during the MA-HTT of sago
pith using carbon dioxide as a catalyst. In another study, these
authors also proved that an increase in the microwave power
exerted a positive effect on the glucose yield using H,SOy;
however, when HCl was used as a catalyst, the microwave
power had a negligible effect."*® Despite these positive fea-
tures, an excessively high power favours the degradation of
sugars in secondary products, especially if long reaction times
are used. As such, the microwave power must be carefully con-
trolled to avoid both the degradation of sugars and unnecess-
ary energy processing costs."*® Given these antagonistic influ-
ences, several authors have concluded that the best combi-
nation for glucose production consisted of high microwave
powers combined with short irradiation times.?**3%140:150
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5.2 Production of furans (furfural and 5-hydroxymethyl
furfural) and carboxylic acids by MA-HTT of biomass

Furfural (pentose decomposition product) and 5-hydroxy-
methyl furfural (HMF, hexose decomposition product) are two
of the most promising platform molecules synthesised from
biomass. They can be used in various applications, including
adhesives, resins, lubricants, and plastics in both the chemical
and/or fuel fields."*® The current methods for the productions
of furfural and HMF are expensive, energy-intensive, and
harmful to the environment.”® Thus, greener and more
energy-efficient methodologies should be developed.'”®"*
Besides, levulinic acid (LA) is another important green plat-
form chemical produced using biomass as a feedstock. LA
derivatives are more environmentally friendly alternatives to
the fossil fuel resources currently used in organic and polymer
synthesis and the fuel industry.>*'®" Consequently, there has
been a significant increase in the number of publications
reporting on the production of furfural, HMF and LA from
biomass.'”>™"”7 Recently, particular emphasis has been placed
on MA-HTT, as a rapid efficient and selective heating
approach, to increase the yield of biomass dehydration pro-
ducts from carbohydrates and the specificity of isomerisation
reactions for the production of these compounds.'”® The
effects of the most crucial MA-HTT processing conditions
reported in the literature affecting the yields and purities of
these products are summarised as follows.

5.2.1 Reaction temperature. Temperature plays a crucial
role in the production of furans from biomass carbohydrates.
A relatively high temperature is required to promote saccharide
dehydration reactions to furfural/ HMF. However, this tempera-
ture must be controlled carefully, as excessive temperatures
promote the successive transformation of furans into car-
boxylic acids and soluble and insoluble humins via rehydra-
tion and polymerisation reactions, thus decreasing the yield
and selectivity of furans (HMF/furfural).'”® Several authors
have reported on this dual effect in the literature. Ren et al.*>’
produced furfural from corncob with SnCl, as a catalyst and
found that the yield of furfural firstly increased with increasing
temperature up to 160 °C, the temperature at which the
highest furfural yield was achieved. A subsequent increase
from 160 to 180 °C led to a slight decrease in the production
of furfural, while a sharp drop was observed above 190 °C due
to the complete degradation of furfural. Similarly, Moller
et al.'®® studied the production of HMF from the decompo-
sition of fructose. They found that the HMF yield increased
(10-46%) with rising temperature (180-220 °C) until a
maximum was reached. A subsequent temperature increase
decreased the HFM yield (37.5%) due to its decomposition
into other species. Bernal et al.'*® produced furfural from corn
stover hemicelluloses via a two-step cascade process. These
authors also indicated that the furfural yield initially increased
(4.6 to 7.1 mol%) with increasing temperature (up to 190 °C).
In comparison, a further increase in the temperature up to
200 °C led to a depletion in the furfural yield (5.5 mol%).
Yemis et al.**® used the response surface methodology to opti-
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mise the furfural and HMF production from wheat straw. They
revealed that the pH of the solution plays the most significant
role in the furfural production, with the highest furfural yield
(51.3%) being obtained at 155 °C, using a reaction time of
31 min and a pH of 0.6 with 150 mL g~ biomass loading.
They reported that the low acidity (pH = 0.6) of the processing
solution promoted the hydrolysis of the feedstock. This study
also revealed that both furfural and HMF yields displayed a
linear increase with increasing temperature up to 170 °C, with
the yields of these compounds diminishing as the temperature
increased (above 170 °C for furfural or 180 °C for HMF). The
latter also indicated that the stability of furfural was lower
than that of HMF.

The production of carboxylic acids usually requires higher
process severity. Aldehydes (HMF and furfural) can degrade to
carboxylic acids, including levulinic, acetic and formic acids,
during the MA-HTT of biomass."*® Compared to their precur-
sors, acid formation requires severer reaction conditions
(higher temperatures and longer times) and the increases of
acid yields correspond to the reduction of aldehydes.** There
are a few works in the literature addressing the effect of the
reaction time to maximise the yields and selectivity of car-
boxylic acids during the MA-HTT of different biomass types.
Cao et al® studied the production of LA from red seaweed
and revealed that at a low temperature (160-180 °C), the yield
of LA increased with prolonging the reaction time (1-40 min).
Then, it reached a maximum value (180 °C and 200 °C with
processing times of 20 and 10 min, respectively), showing that
higher temperatures decrease the reaction time to achieve this
value due to the significant relationship between the tempera-
ture and reaction time (process severity). Sweygers et al.'®'
used cellulose, as a biomass structural compound, to optimise
the MA-HTT processing conditions for LA production. They
reported that at a low temperature (160 °C), the highest yield
of LA (34.03 + 0.07 wt%) was obtained after 11 min. However,
when the temperature was increased up to 180 °C using the
same reaction time, the yield rose to 42.96 wt%. A slightly
higher LA yield (43.33 wt%) was attained by shortening the
reaction time down to 1 min and increasing the temperature
up to 200 °C. Antonetti et al.** optimised the productions of
furfural and levulinic acid from giant reed by MA-HTT. These
authors demonstrated that, when the process was conducted
using a reaction time of 20 min, furfural was the main hydro-
lysis product at a relatively low temperature (up to 160 °C). At
the same time, LA was the primary product when higher pro-
cessing temperatures (above 160 °C) were used. As such, the
production of LA was appropriate under severe reaction con-
ditions (temperature between 170 and 190 °C). Ren et al.*>’
also observed that the yields of carboxylic acids (levulinic
and formic acids) presented a gradually increasing trend
from 160 to 170 °C. This was followed by diminishes above
180 °C in some cases, thus confirming that carboxylic acid
productions are favoured under severe processing conditions.
Interestingly, the yield of acetic acid was more temperature
stable than that of LA. They suggested that the breakage of
acetyl groups from hemicellulose occurred from the beginning
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of the reaction, thus explaining the different behaviour of both
acids.

5.2.2 Reaction time. Reaction time is an essential factor to
control the selectivity and production of furans and carboxylic
acids from biomass. The application of long reaction times at
low temperatures favours the formation of furans, but using
prolonged reaction times at high temperatures may also
promote their further decomposition (HMF dehydrogenation
to carboxylic acids and/or polymerisation to humins). As such,
the reaction time used during the MA-HTT of biomass must be
carefully controlled to maximise the yields of the targeted pro-
ducts, i.e., furans and/or carboxylic acids.

Hansen et al."’® studied the conversion of fructose to HMF
by MA-HTT and found that the yield of HMF linearly increased
(from 17% to 33%) with prolonging the reaction time (up to
20 min) at a relatively low temperature (140 °C). However,
when a higher temperature (200 °C) was used, the reaction
time needed to achieve the same conversion degree was signifi-
cantly shorter. For example, when the process was conducted
using a reaction time as fast as 1 s, up to 52% of the fructose
was converted into HMF (63% HMF yield). At the same temp-
erature (200 °C), the effect of the reaction time was more
important, and an increase from 1 to 60 s allowed an almost
complete cellulose conversion to be achieved (95%). However,
the HMF yield decreased (53%), thus indicating that the com-
bination of long reaction times with high temperatures pro-
moted not only the conversion of fructose to HMF, but also
the subsequent dehydration of the HMF produced, yielding
carboxylic acids (levulinic and formic acids). In another study,
Ren et al.’®” also proved that high temperatures (160-180 °C)
maximised the yields of furfural/HMF. The productions of
these species initially increased up to a maximum with
increasing reaction time. Still, they dropped when longer reac-
tion times were used due to the formation of degradation pro-
ducts. They indicated that the higher the temperature, the
shorter was the time needed to achieve such diminishments.
These trends were confirmed by da Silva Lacerda et al.,"** who
developed kinetic models for the productions of HMF and fur-
fural from four different lignocellulosic feedstocks. Sudipta
De'®” studied the production of HMF from fructose in the
presence of AlCl; at 120 °C. They discovered that at early reac-
tion stages (between 30 s to 2 min), the yield of HMF increased
rapidly (up to 47.8% within the first 30 s and to 52.3% in the
next 90 s). However, a further increase in the reaction time up
to 20 min increased the HMF yield very slowly up to 55.7%.
Francavilla et al.'®" addressed the production of HMF from
seaweed-derived agarose at 180 °C in the absence of a catalyst.
They reported that the HMF yield increased within the first
10 min of the reaction, conditions under which a maximum
was observed. Longer irradiation times (20 and 30 min)
resulted in a decrease in the HMF yield.

Cao et al.®® studied the valorisation of Gracilaria lemaneifor-
mis (a red seaweed) via MA-HTT to produce levulinic acid (LA).
They found that the yield of LA increased from 1 to 40 min
when a low temperature (160 °C) was used. An increase in the
reaction temperature (up to 180 and 200 °C) decreased the
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time needed to achieve the same conversion degree (down to
20 and 10 min, respectively). These diminishments indicated
that higher temperatures reduced the reaction time required to
reach equilibrium conditions. Nevertheless, Lappalainen
et al.*®® demonstrated that the reaction time must be con-
trolled carefully. At 180 °C, the LA yield obtained at 40 min
was higher than that with a 50 min processing time, due to
the decomposing of LA when prolonged reaction times are
used.

5.2.3 Catalyst. Carboxylic and mineral acids (H,SO,4, HCI,
H;PO,, HNO;, CH;COOH, HCOOH) and alkali salts (MgCl,
AICl;-6H,0) have been used for the transformation of biomass
into furans and/or carboxylic acids.'®* The effects of the cata-
lyst type and loading on the MA-HTT of biomass to produce
valuable liquids are described as follows.

Ren et al.'” studied the effect of using SnCl, as a catalyst
for furfural production by MA-HTT of corncob. They reported
that the catalyst promoted not only the hydrolysis of hemicel-
luloses effectively, but also the dehydration of pentoses to fur-
fural. Yemis et al.'®® compared 14 kinds of metal halides to be
used as the catalyst to obtain furfural from straw biomass by
MA-HTT. Among them, FeCl; was the most efficient catalyst,
with a furfural yield shifting between 35.3% and 65.3%,
depending on the conditions. These authors also tested six
types of acids, including strong mineral acids (hydrochloric
acid, sulfuric acid, phosphoric acid and nitric acid) and weak
organic acids (acetic acid and formic acid), for the conversion
of xylan into furfural. Under the same processing MA-HTT con-
ditions (180 °C, 20 min, 1:100 m/m biomass loading), the
highest furfural yield (37.5%) was attained with hydrochloric
acid. Shao et al."® studied the HMF production from sugar-
cane catalysed with HCI in seawater and acidic seawater, using
a temperature ranging from 130 to 180 °C and a reaction time
shifting between 1 and 60 min. Experimental results revealed
that LA production was inhibited in seawater. They reported
that alkali and alkaline earth metal chlorides (NaCl, CacCl,,
and MgCl,) were responsible for inhibiting the dehydration of
HMF to LA. Wu et al.?® characterised the water-soluble pro-
ducts from the acid-catalysed (H,SO,), MA-HTT of starch via
BC NMR spectroscopy. They reported that the liquid phase
contained a higher LA amount when a low concentration of
sulfuric acid was used. In contrast, an increase in the yield of a
spherical solid residue was observed using higher acid concen-
trations. They indicated that this solid formation might be
accounted for by the positive catalytic effect of H,SO, on the
first transformation of glucose to HMF and the subsequent
degradation of the latter species into humins. Cao et al®
studied the production of LA by MA-HTT at 180 °C from
Gracilaria lemaneiformis using H,SO, as a catalyst. Their
results revealed that an initial addition of acid significantly
increased the yield of LA (from 4 to 15 wt%) until a point at
which raising the catalyst amount resulted in a meagre cata-
lytic effect, and the LA yield remained steady at around
17 wt%.

5.2.4 Other factors: solid/water ratio, type of biomass and
microwave power. Da Silva Lacerda et al.'** studied the influ-
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ence of biomass loading on the production of furfural and
HMF during the MA-HTT of different lignocellulosic feed-
stocks (carnauba leaves, macauba pulp, macauba shell, and
pine nutshell) at 140 °C for 30 min. They reported that the pro-
duction of furanic compounds was promoted using a low
biomass loading (low solid/water ratio) for all the feedstocks
but macauba pulp. However, with an excessively diluted (very
low solid/water ratio) solution, furan degradation took place to
a substantial extent, thus increasing the presence of by-pro-
ducts from HMF dehydration. Yemis et al."*® also reported the
significant effect of the biomass loading for the production of
furfural by MA-HTT of wheat straw. Conversely, Cao et al.®
reported that the yield of LA (~16%) was not affected by the
biomass loading (between 1-5 wt%) at 180 °C for 40 min,
while a subsequent upsurge in the biomass loading up to
10 wt% led to a decrease in the LA yield (13%).

The biomass type does also affect not only the yields of
furans and carboxylic acids, but also the optimum processing
conditions to achieve these optima. For example, da Silva
Lacerda et al.'>* revealed that the highest HMF and furfural
yields (10.01% for carnauba leaves, 15.02% for macauba shell
and 15.94% for macauba pulp) were obtained under the same
MA-HTT conditions (140 °C for 30 min), while for pine nut-
shell, the highest yield (14.98%) was obtained at 160 °C for
30 min. In this line, Antonetti et al.** revealed that high fur-
fural yields were only obtained by employing a combination of
fast heating and cooling systems, thus highlighting the
benefits of microwave irradiation. The influence of the micro-
wave power on the production of furans and carboxylic acids
has not yet been studied in detail. Hansen et al.'’® reported
that there were pronounced differences in terms of conversion
or product distribution when different microwave powers (90,
150 and 300 W) were used to achieve reaction conditions
(between 140 and 160 °C) using a ramp time of 5 min.

6. Current challenges

The data showed above clearly demonstrate that microwave-
assisted hydrothermal valorisation (including all its variants,
i.e., MA-HTC, MA-HTL and MA-HTT) is an up-and-coming
technology for the transformation of biomass into biofuels
and chemicals. Despite the fact that this technology has
inherent advantages over traditional hydrothermal methods
using conventional heating, there are still some challenges
needing further investigation.

In particular, the complex chemical reactions taking place
during these valorisation processes are not yet totally under-
stood. They need to be further investigated to provide more
and new insights into the reaction mechanism. A possible
approach should be the development of complex mathemat-
ical/statistical models to understand these transformations.
This information might be paramount to comprehend how
and to what extent the operating conditions affect the yield
and composition of the reaction products. This information is
vital to design large-scale reactors and improve the economics
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and efficiency of this microwave-assisted technology.®>
Besides, most of the work reported to date has focused on
using only one type or a few types of biomasses alone. As such,
synergistic and/or antagonistic effects taking place under
microwave heating when different types of biomasses are pro-
cessed together have been rarely addressed. This is considered
a new and interesting area of research for the development of
future biorefineries."®*

Besides, the efficient penetration of microwave irradiation
through the feedstock is limited by the amount of biomass
used in the process.'® This is not an issue for lab-scale appli-
cation, especially when low solid/water ratios are used;
however, the ability of microwave irradiation to penetrate a
large block of biomass in an industrial microwave-assisted
reactor should be carefully considered.’””**'$%'%” The energy
efficiency of a process is one of the most paramount factors
determining its possible scale-up and future industrial
implementation and commercialisation.*” Although micro-
wave heating can be potentially more energy-saving than con-
ventional heating on a lab-scale,**'#%89 the technology is still
immature on a larger scale.

In addition, microwave heating is based on the high-fre-
quency rotation of polar molecules, which produces quicker
and higher heat of the species with high polarity.>*™!
Carbohydrates, including both cellulose and hemicellulose,
are much polar than lignin. Consequently, they are more likely
to interact with microwaves, favouring the solubilisation of the
carbohydrate matter without substantially dissolving the
lignin fraction.'*®'>* Nevertheless, it is also important to note
that the high crystallinity of cellulose combined with the
strong hydrogen bonds within its structure hampers the depo-
lymerisation of this carbohydrate."”'*" A possible solution
already adopted to overcome this issue was the addition of a
homogeneous catalyst such as acetic acid, which allowed the
solubilisation of cellulose and hemicellulose in lignocellulosic
biomass without dissolving its lignin content.'*?

Given all these challenges, future work should also evaluate
whether the microwave-assisted conversions are techno-econ-
omic feasible on an industrial scale and develop novel and
efficient microwave reactor configurations and designs.**>*'%°
Also, the separation and extraction of desired aqueous pro-
ducts from the product reaction mixture can also be an issue
on a larger scale. Lab-scale methods, including centrifugation
and organic solvents, are not feasible; hence advanced separ-
ation processes should be developed.'®

7. Conclusions

The efficient and sustainable utilisation of lignocellulosic
biomass and wastes has received increasing attention over the
past few years in the production of biofuels, chemicals and
biomaterials. Among the different thermochemical processes
developed to date, the recently developed microwave-assisted
hydrothermal technology is considered an up-and-coming
methodology to convert biomass into these commodities. This

This journal is © The Royal Society of Chemistry 2021
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process is capable of achieving an efficient, selective, controlla-
ble and cost-effective biomass valorisation, thus improving the
yield and quality of the reaction products as well as reducing
the processing costs. Given these promising features, this criti-
cal review has put together and analysed all the work con-
ducted to date on the microwave-assisted hydrothermal conver-
sion of biomass for the first time. This includes microwave-
assisted hydrothermal carbonisation, liquefaction and treat-
ment (MA-HTC, MA-HTL and MA-HTT) to transform
biomass into hydrochar, bio-crude (bio-0il), and valuable
liquid chemicals. Special attention has been paid to the influ-
ence of the reaction conditions on the yield and properties of
these products, studying the relationships between the proces-
sing conditions and the chemical transformations involved in
the processes (hydrolysis, dehydration, decarboxylation, con-
densation, and re-polymerisation). Besides, the recent chal-
lenges being currently faced by microwave-assisted heating
have also been highlighted, and conventional and microwave-
assisted technologies have been compared when data were
available.

The experimental results reported in the literature using
lab-scale microwave reactors have pointed out that microwave-
assisted heating technologies under hydrothermal conditions,
i.e., MA-HTC, MA-HTL and MA-HTT, have great potential to
become efficient and environmentally friendly processes for
biomass valorisation. However, more research is still needed to
develop, scale-up, implement, and commercialise these
technologies within a biorefinery. One of the most critical
challenges might be developing industrial, pressurised micro-
wave reactors operated in either batch or continuous (flow)
mode. The efficient penetration of microwave radiation must
be ensured, while the continuous operation of a pressurised
stream is challenging. An intermediate approach could be
using a cascade of batch or continuous reactors for the
scaling-up procedure to ensure efficient microwave pene-
tration. Simultaneously, more research should be conducted
on the development and design of efficient, commercial-scale
magnetrons for the future development of this emerging
technology. This future scale-up and commercialisation will
pave the way for an efficient, selective and controllable
biomass valorisation. At the same time, future work should
also include the examination of the effects of processing con-
ditions, biomass type and microwave power on the efficiency
of the processes and the yields and purities of the reaction pro-
ducts. The critical analysis and complete understanding of all
this information are vital to pave the way for the present and
future development of this cutting-edge, recently developed
biomass valorisation technology.
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