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Lignin and mixed lignocellulosic natural polymer wastes
have been accumulated in landfills over the past hundred
years. These wastes should be processed to produce added-
value chemicals and materials. This mini-review presents a
brief literature survey related to state-of-the-art methods
developed recently by the world research community to solve
the problem of rational conversion of lignocellulosic polymer
wastes, including production of hydrogen, synthesis gas,
phenols, and monomers. The focus is made on microwave
and plasma technologies used for lignocellulosic wastes
processing.
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1. Introduction
The main problems of the conversion of lignocellulosic wastes
are related to the poor solubility and irregular and non-uniform
composition and structure of this natural polymer. Lignin, unlike
cellulose, is hardly soluble even in ionic liquids that tend to
dissolve cellulose and hemicellulose. Nevertheless, processing of
lignocellulosic wastes became recently a global challengel~’
because of the accumulation of such wastes in huge amounts
ranging from 100 to 250 million tons based on different estimated,
mostly in the areas of developed forestry and paper industry. The
environmental aspect of the problem is not less important as far as
municipal solid wastes containing a large pool of polysaccharides
(basically, cellulose) should be utilized and recycled.

Since the composition of lignocellulosic wastes is not
uniform, there is no single product that can be produced

selectively from this waste, except for hydrogen, and typically a
mixture of gaseous, liquid and solid compounds is formed. In
this concern, the conversion into gas products (synthesis gas,
hydrogen, methane) may be most remarkable from the point of
view of the increasing interest to hydrogen as an energy carrier.
This short review is focused on novel energy-efficient and green
approaches to lignin and lignocellulosics conversion, with
catalysis being considered as the most powerful tool in this
application. We will not consider the biochemical (enzymatic)
conversion and depolymerization of lignin-containing materials.
Also, we are not going to discuss the methods of production of
carbon materials by carbonization of these natural polymers,
although this is a very perspective field of activities,®° as well as
the use of lingocellulosic wastes as fillers in concrete, tires etc.,
reducing agents in metallurgy or other industries that fall outside
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the scope of this review. Instead, we will dwell upon the use of
microwave and plasma treatment in biomass valorization.
Finally, taking into account an avalanche-like growth of the
literature on lignin processing in recent decade, the mini-review
will mainly include results and approaches published in the last
5-10 years, while earlier publications and patents will be
considered only if they provide valuable information.

2. Catalytic processes for conversion of lignin wastes
Examples on catalytic pyrolysis in comparison with non-
catalytic processes are widely known in the literature.10-14
Definitely, the use of catalysts brings some advantages like the
decrease of the process temperature and reduction of energy
expenses, an increase of the yield of desired liquid products and
a decrease of the carbon footprint. The focus is made on the
production of light products, mostly, gas mixtures, containing
H,, CH, and higher hydrocarbons. In general, the catalytic
technology is characterized by the following advantages over the
thermal (non-catalytic) technologies: a decrease of the operating
temperature needed for the pyrolysis, reduction of the heat
energy requirement, provision of favorable conditions for the
industrial application of pyrolysis, production of final products
of commercial significance.1>-18 The choice of catalysts includes
zeolites and other commercial catalysts as well as materials that
can also demonstrate the catalytic effect due to the presence of
rather strong basic or acidic sites at the surface. It is worth to
note that the catalysts for conversion of lignin wastes not
necessarily should have a high surface area, since the processes
in any case occur at the external surface of the catalyst grains or,
in some cases, they can proceed in the macropores.

In many cases, co-processing of different wastes is discussed,
for instance, a mixture of industrial polymer wastes with biomass
components (wood, saw dust, switchgrass, etc.) is used with the
application of cracking catalysts, for instance HZSM-5
zeolite.19-22 Mixtures of polymers with lignocellulosics were
also explored, in this case, catalytic hydrothermal processing of
polypropylene with lignocellulose was realized.?® Hydrothermal
liquefaction catalysts were applied, including Fe, FeSO,,
MgSO,, 2ZnSO,, ZSM-5 zeolite, Y zeolite, amorphous
aluminosilicate, and Na,COs; the conversion of polymers
reached a maximum of 38% with the use of amorphous
aluminosilicate.

More complex municipal mixed plastic waste processing
using thermal and catalytic technologies is discussed by
Rajendran et al.?* Comparison of different types of catalysts
showed that HZSM-5 zeolite is the best catalyst in terms of the
yield of liquid products (Table 1), although the difference in the
performance of various catalysts is not so significant.?>-27

3. Catalytic conversion of lignin wastes based on the use of
microwave irradiation

For the sake of cutting the energy expenses and/or increasing the
overall efficiency of the processes, diverse sources of radiation

Table 1 Comparison of different catalysts in the conversion of municipal
mixed polymer wastes, the yields (wt%) of corresponding products are
indicated.?*

Catalyst
Products Silica
HUSY HZSM-5 H-MOR Y zeolite HNZ sand Cement

Liquid 895 948 88.3 84.2 65.4 40 82
Gaseous 3.75 23 4.5 11.6 19.0 51 18
Solid 6.75 3.9 7.2 4.2 156 9 0
residue

Coke 345 125 3.2 0 0 0 0

(microwave or ultrasound, irradiation by UV light, low-
temperature plasma) can be used in chemical processes,
including catalytic reactions occurring in the course of
lignocellulosic waste conversion. The effects caused by the
microwaves, i.e. electromagnetic waves with the frequency
ranging from 200 MHz to 300 GHz, are of particular interest.
The advantage of microwave activation is the transfer of energy
via radiation rather than heat transfer or convection. The
interaction of microwave radiation with a substance (weather it
is organic or inorganic or hybrid material) depends on the
electrophysical properties of the substance (tangent of dielectric
loss, i.e. the ratio of rational and imaginary parts of the dielectric
constant) and may include absorption, reflection and transmission
of the radiation. This ensures fast supply of energy into the
volume of materials that are transparent to microwave radiation.
The most pronounced effects of the appearance of temperature
gradients and creation of non-equilibrium conditions are found
when the reaction medium or material (a catalyst) consists of
several phases with different microwave radiation absorption
ability. The microwave treatment allows one to decrease the
reaction time, to increase yields and selectivities, and to decrease
energy and reagent consumption. The numerous examples that
will be given and discussed below in this review demonstrate the
advantages of the microwave processing in comparison with the
conventional thermal treatment.

Microwave technologies can be used for in situ activation of
catalytic processes. Noteworthy that lignin and cellulose poorly
absorb microwave energy; therefore, either a catalyst or MW-
absorbing material (SiC, carbon materials) introduced into the
reaction zone can be heated. The dielectric polarization
contributes to a large extent to the mechanism of the microwave
action due to the presence of water and other polar compounds in
the feed or polar functional groups in lignocellulosic material.
The second mechanism involves free charges excited in solids
and contributes to heating because of the Ohmic loss; this
mechanism is characteristic of conductive or semiconductive
catalysts. So, in the case of lignin conversion, all the mechanisms
can be realized if the system contains polar molecules and solid
catalysts containing supported metals or transition metal oxides
or carbon materials. Obviously, microwave radiation cannot
initiate chemical reactions by breaking chemical bonds, because
the energy of microwave photons is low.

Literature data demonstrate that, under microwave activation
conditions, higher reaction rates are observed than in thermally
activated processes, and thus the yields of final products increase.
Let us discuss most illustrative examples of the use of microwave
activation in the conversion of lignocellulosic wastes. It should
be noted that the distribution of gas, liquid and solid products
obtained under microwave activation conditions does not differ
dramatically from the distributions presented in Table 1 for
zeolite or cement catalysts, with the exception that such
distributions can be obtained at conversions close to 90% or
higher under milder conditions in terms of the operating
temperature and thus at the reduced energy spent for processing.

Several reviews of the methods for the utilization of polymer
wastes with the use of microwave technologies were
published.?82% Microwave technology demonstrated advantages
over the thermal pyrolysis.® This technology increases the rate
of reactions by rapid energy-efficient heating, increased
production speed and lower production costs.3%32

Currently, the choice of an appropriate catalyst for a
heterogeneous catalytic process of lignocellulosic waste
valorization that is ideally suitable for activation in microwave
fields is not quite obvious. The selection is complicated because
the catalyst should, first, have substantial catalytic activity and,
secondly, possess certain electrophysical properties (dielectric
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loss and conductivity). To obtain a maximum positive effect of
microwave radiation on a catalytic system, comparatively inert
components strongly interacting with electromagnetic fields may
be introduced into catalysts. So, zeolites that are known to
catalyze the pyrolysis of lignocellulosics are not MW-absorbing
materials; therefore, other catalytic materials should be developed
to better reveal the advantages of the microwave effects.

The advantages of microwave technologies can be used more
effectively if the catalytically and electromagnetically active
catalyst components are placed on a substrate transparent to
microwave fields. This is done to form superheated regions (hot
spots) only in the volume or on the surface of the active catalyst
phase, which decreases the temperature of the catalyst. Thus, the
microwave-assisted process is quite non-equilibrium, and the
temperature varies along the catalyst grain, with the inert support
being heated due to heat dissipation from hot spots. This offers
the possibility of suppressing side reactions and decreasing
energy expenses for heating inert materials that do not directly
participate in the catalytic process.

Bifunctional catalysis, in which different stages of the process
occur on different catalytic components, should be considered
specifically. A typical example is transformation of an organic
substrate (like lignin) on metal nanoparticles supported on acid
or basic carriers. A metallic component (as a rule, a Pt family
metal) activates the initial molecule via breaking bonds and/or
charge transfer (dehydrogenation, hydrogenolysis), whereas
carbon skeleton transformations (depolymerization, alkylation,
isomerization) occur on acid/basic centers. Microwave radiation
that creates temperature gradients in a heterogeneous system
whose components differently interact with electromagnetic
fields can then cause substantial changes in the reaction rates of
the entire process and its different stages and may change the
distribution of reaction products.

The advantages of the use of microwave activation of
heterogeneous catalytic reactions of lignocellulosic waste
valorization compared with thermal activation become obvious
when fast heating or cooling and pulsed energy supply are
required. The techniques of MWe-initiated pyrolysis were
reviewed by Motasemi et al 33 A very important advantage of the
MW technology is that it does not require any pretreatment of
the raw materials. In the case of the use of heterogeneous
catalysts, the most important advantage of microwave activation
is the controlled formation of hot spots in the catalyst, where the
active sites responsible for the conversion (depolymerization,
cracking, etc.) are located. Thus, the use of microwave heating is
reported to show beneficial features with respect to fast heating,
higher pyrolysis rate achieved at a low operating temperature,
enhanced heat distribution, compared to conventional heat
treatment.3* In addition, the activation could break the heavier
hydrocarbon components of waste into lighter hydrocarbon
components via chain-end scission mechanism that normally
occurred during microwave pyrolysis.3 This pyrolysis technique
also allows direct heating and processing of moist feedstocks, 36-38
thereby excluding the necessity of pretreatment steps like drying.
Nevertheless, as the first step, ultrafast fractionation of
lignocellulosic biomass by using microwave-assisted deep
eutectic solvent pretreatment can be achieved.3%40 Noteworthy
that the microwave conversion of cellulose and hemicellulose
proceeds via the same mechanism and these substrates behave
very similar to each other under the microwave processing
conditions.*!

4. Synthesis of platform chemicals from lignocellulose under
microwave conditions

The MW-stimulated fast conversion of carbohydrates into
5-hydroxymethylfurfural (a platform chemical) catalyzed by

mesoporous TiO, nanoparticles was also studied.*> The high
surface area and the presence of Lewis acid sites were shown to
be beneficial for ensuring the high activity in this process.
Noteworthy that the commercial (non-mesoporous) sample of
TiO, is poorly active in this reaction. The higher value of the
tangentof dielectric loss, tan d, for the solvent (dimethylsolfoxide)
ensured a high yield in organic media compared to water. The
catalyst manifests good recyclability.

Hydrolysis of xylan, as well as the conversion of D-xylose
and D-lyxose and furfural production with molybdate as a
catalyst were demonstrated to be more efficient under MW-
irradiation.*® The MWe-irradiation allowed one to shorten the
reaction time 400 times as compared to the thermal regime. The
MW-stimulated hydrolysis of polysaccharides was also
performed onto polyoxometallates as catalysts.** Polyoxo-
metalates are MW-absorbing materials, which is favorable in the
hydrolysis of corn starch and crystalline cellulose. Phospho-
tungstic and silicotungstic acids revealed high activity and good
recyclability, unlike phosphomolybdic acid. The energy
consumption in hydrolysis can be reduced by 17-23% using
MW conditions.

Valuable chemicals can be prepared from cellulose selectively
under MW-irradiation.*> MW-depolymerization afforded liquid
products from cellulose in 87% yield with acid catalysts. The
selectivities to glucose or levulinic acid were 50 and 69%,
respectively. MW-depolymerization of cellulose resulting in
55% glucose (20 min) was reported.*6

MW-pyrolysis of cellulose at 200-280 °C was also studied.*’
The maximum vyield of bio-oil (45%) was observed with
amorphous cellulose as a starting material at 260 °C. Water
present in the feed enhanced the yield by 7-8%. The introduction
of activated carbon as a MW-absorbing material increased the
yield of gas products. Levoglucosan was produced with a high
yield by pyrolysis of amorphous cellulose at 260 °C, i.e. at a
much lower temperature than the thermal process occurring at
T > 400 °C (Scheme 1).

OH o\ S
HO o
HO”  OH OH HO

OH
Levoglucosan

o

Cellulose
Scheme 1

Microcrystalline cellulose is transformed with the yield of
100% into glucose under MW-treatment with NaOH as a catalyst
(Scheme 2).48

CH,OH

OH OH - H O H
‘O%OW OH H
HO OH OH HO OH

OH
Cellulose Glucose

Scheme 2

Lactic acid (LA) production from normal corn starch, high-
amylose corn starch, and waxy corn starch dissolved in water
using microwave heating was reported.*® In the microwave
mode, the LA yield (53-55%) for waxy corn starch in the shorter
reaction time (0-5min) was much higher compared to
conventional heating. The microwave heating in the presence of
either Brgnsted acid (H,SO,) or Lewis acid (CrCl; or AICI3) was
also used for the conversion of biomass, including carbohydrate-
rich potato peel waste and sporocarps of the fungus Cortinarius
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armillatusto LA. The maximum LA yield of 62% was achieved
at 180 °C, 15 min.%0

5. Use of ionic liquids and deep eutectic solvents in microwave-
assisted lignocellulosics processing
lonic liquids in combination with microwave radiation provide
an alternative approach to lignin and cellulose processing. lonic
liquids are expected to become significantly more economically
attractive in case of their wider industrial application and
efficient re-use in the future.5152

In this context, the microwave-assisted synthesis of
5-hydroxymethylfurfural (5-HMF) from cellulose is an
illustrative example. This approach results in the yield of 5-HMF
reaching 62% in 2 min using ionic liquids as the reaction
medium.  The  Zr(O)CIl,/CrCl; catalyst in  1-butyl-3-
methylimidazolium ionic liquid is active in the synthesis of
5-HMF from cellulose and lignocellulosic biomass using the
microwave-assisted method.53

Levulinic acid can be produced from cellulose selectively
with the yield approaching 55% when the MW-reaction is
performed in SO;H-functionalized ionic liquids (Scheme 3).54

OH OH \. 0
HO o-
HO OH OH O
Cellulose Levulinic acid

Scheme 3

MW-assisted conversion of cellulose directly into 5-HMF, i.e.
the platform chemical, can proceed in ionic liquids with CrCl; or
ZrCl, as a catalyst.>>56 The yields are as high as 60%.

lonic liquids that exhibit good MW absorption ability may be
used not only as a MW-absorbing media, but also as catalysts in
the conversion of cellulose into 5-HMF.5” Tetramethylguanidine-
based ionic liquid with the BF, anion provides the yield of
5-HMF close to 30%.

The combination of deep eutectic solvents and microwave
irradiation had a significant synergetic effect on efficiently
cleaving the lignin-carbohydrate composite.5® Cellulose from
sunflower stalks was converted to value-added components in
deep eutectic solvents.>® With choline chloride and oxalic acid
mixture under microwave irradiation, 99% carbon efficiency was
found at 180 °C in 1 min. 5-Hydroxymethylfurfural (4%),
levulinic acid (76%), furfural (5.5%), and formic acid (about
15%) were found among the products.5® Comparison of the
conductive heating with microwave heating for the pretreatment
of waste biomass in deep eutectic solvents has been performed.5?
Cellulose esterification by alkyl chlorides under MW-conditions
was studied.5?

A number of publications are focused on MW-pretreatment of
cellulose before the fermentation to decrease the degree of
polymerization, i.e. for partial depolymerization.5364 The rate of
cellulose hydrolysis increased 50 times after the microwave
pretreatment in ionic liquids. Acid and alkaline hydrolysis with
additional microwave-assisted processing was also described.5®
A design of a MW reactor for lignocellulose bio-waste hydrolysis
was proposed.56

In spite of the poor MW absorption ability, H-forms of
zeolites were quite efficient in MW-assisted cellulose hydrolysis
when they are used in combination with ionic liquids.5
A comparison of H-forms of zeolites with sulfated ion-exchange
resin used together with ionic liquids demonstrated the higher
efficiency of the zeolites in this application (Scheme 4).

A lignocellulosic raw material was partially depolymerized in
cholinium ionic liquid under the microwave irradiation (110 °C,
20 min) to improve the enzymatic hydrolysis.

6. Microwave-assisted lignin and cellulose pyrolysis and
depolymerization

Lignin is a cross-linked polymer formed by phenolic and
aliphatic fragments; therefore, it is more difficult to depolimerize
this raw material. Nonetheless, the use of MW-irradiation was
found to be efficient for lignin pyrolysis into phenolic moieties
and fuel components. Bio-oil can be produced by microwave
pyrolysis (1.5-2.7 kW) of kraft lignin.8% The temperatures
determined under the MW conditions were as high as
900-1240 K. The yields of the bio-oil, gas products, and char
reached 20, 27, and 40%, respectively. Depolymerization of
different types of lignin using a two-dimensional CuO/BCN
catalyst (CBN stands for carbon-modified boron nitride) was
studied by Cao et al.”® Microwave-assisted lignin conversion
was demonstrated to enhance the yields of aromatic monomers.
The yields of bio-oils reached 70 wt% in 10 min.

Hydrolysis of cellulose under microwave conditions was
found to be very efficient in the presence of an ion-exchange
resin.’”t

Hydrogenolysis of organosolv lignin from olive tree prunings
was explored under microwave heating using a number of
hydrogen donor  solvents  (without using H, for
hydrogenolysis).”27® The activity of metallic (Ni, Ru, Pd, Pt)
catalysts supported on mesoporous carrier with acidic properties
(AIl-SBA-15) was studied and the catalyst 10% Ni/Al-SBA-15
with tetralin as a hydrogen donor demonstrated improved bio-oil
yields up to 17 wt%, the liquid contained phenolic compounds,
including mesitol and syringaldehyde, and a small amount of
esters.

Efficient attempts to enhance lignin conversion with carbon
as a MW-absorbing agent were reported.”#® Phenols, guaiacols,
hydrocarbons, and esters making up to 71-87% of bio-oil were
identified in the reaction mixture. Long-chain fatty acid esters
(42.2% in bio-oil) were also produced with Zn powder as a
catalyst. The use of MoS, with a very high microwave
absorptivity (185 °C min-) showed very high yields of liquid
products (34 wt%) and phenolic compounds (32 wt%).

Microwave-assisted catalytic pyrolysis of biomass (cellulose)
to produce phenol-rich bio-oil was described by Wang et al.”
Fe/HZSM-5, Ni/HZSM-5 and Fe-Ni/HZSM-5 zeolites were
used as catalysts. Fe/lHZSM-5 showed the enhancement of the
yields of bio-oil by 11.4% and a decrease of the coke formation
by 24% compared to unmodified HZSM-5 zeolite. The Fe—Ni/
HZSM-5 system demonstrated the highest selectivity to phenols
(20.86%) in the bio-oil.

Hierarchical ZSM-5/MCM-41 catalysts were also applied in
biomass valorization, in particular, via microwave-assisted
co-pyrolysis of lignin and waste oil to produce aromatic

OH
solid aC|d/[C4m|n]CI 0
HO /&/ T microwave HSO/%/OH
OH

Scheme 4
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hydrocarbons.”® The MCM-41 material was used as a shell and
the ZSM-5 zeolite was applied as a core. The optimum reaction
conditions were as follows: temperature 400 °C, the waste-to-
catalyst ratio of 10:1 and the ratio of lignin to oil of 2:1. The
conversion reached 76%, the share of aromatics was 50% and the
selectivity to monocyclic aromatic hydrocarbons reached 43%.

Numerous examples of the application of microwave
treatment in hydrolysis of cellulosic wastes for plant raw material
processing were described.”

7. Production of hydrogen, synthesis gas and bio-oil

One more example is related to the conversion of bio-wastes in
production of hydrogen under microwave conditions.®® Thus,
microwave-assisted pyrolysis of biomass in the presence of
microwave absorbing materials provides significant advantages
over the thermal processing.8!

The influence of the nature of the microwave absorbing
material (diverse biochars) and microwave input power on
biomass (pine sawdust) pyrolysis and product yields are
studied.®2-84 The liquid products of microwave pyrolysis of pine
sawdust contain predominantly phenols.

In this concern, it is interesting to compare the potential
efficiency of lignin conversion into hydrogen and one of the
added-value products in terms of the highest H, productivity and
the lowest carbon footprint. This can be done using the data
reported in the review by B. Weckhuysen et al % by recalculating
the productivities to H, and CO, (Table 2).

It is seen from Table 2 that the most beneficial products that
provide the highest H, productivity and the lowest yield of CO,
are benzene and phenol, whereas other aromatics, as well as
vanillin and other derivatives of phenols are less suitable.

Gasification of palm shell char using CO, was found to be
enhanced by MWe-activation.88 The Boudouard reaction
(C + CO, «» 2CO) was determined to be the major reaction
pathway. The use of a Fe catalyst supported onto the char allowed
one to reach the CO, conversion of 99% within 60 min of the
reaction.

Synthesis gas is a valuable product that can be produced from
biomass (sewage sludges, coffee hulls), it can be used downstream
for production of methanol or hydrocarbons.®” Microwave
heating was characterized by enhanced syngas yields compared
to thermal conversion. The microwave process was shown to be
less time and energy consuming in comparison to the thermal
process.

Xie et al. reported the enhanced syngas production from
biomass under MW-conditions with Fe, Co and Ni on Al,O3 as
catalysts.88 Ni/Al,O5 demonstrated the highest activity in syngas
production with the synthesis gas yield reaching 80%. The
presence of water vapor enhanced the syngas yield due to the
occurrence of the steam reforming reaction.

Another work disclosed the syngas generation from municipal
solid waste treatment.® The yield of syngas in the MW-assisted
process is rather high. A gas mixture with a significant H, content
(50-55 vol%) was obtained, and a positive effect of the moisture

Table 2 Theoretical yields of added-values products from lignin (averaged
composition), the productivities to H, and CO, and the molar H,/CO, ratios.

Theoretical Productivity Productivity

: of H,/mol per  of CO,/mol per H,/CO,
Product ?/iler:?nf&n; 1 mol of 1 mol of molar ratio

9 product product
Benzene 40 7.07 4.71 15
Toluene 47 3.44 3.02 1.14
Xylene 54 0.74 1.73 0.43
Phenol 48 6.72 3.91 1.72

onsynthesis gas production is found and explained by gasification
of the char formed.

Hydrogen can be also produced from banyan leaves in the
MW-plasma under atmospheric pressure.’®* The applied
microwave power was proportional to the rate of production of
hydrogen, hydrogen productivity per gram of banyan leaves, and
amount of hydrogen formed with respect to the H-atom content
of converted banyan leaves. Increasing the microwave power
leads to an increase of H, and decrease of CO, concentrations
in the products due to the water—gas shift reaction:
COZ + H2 =CO+ Hzo

There are quite many publications focused on production of
biofuels (bio-oil) from biomass under the MW conditions,
including the review by Yin.%! Fuel can be produced by MW-
pyrolysis of a packaging waste® represented as a composite of
paper, polyethylene, and aluminum. The use of different MW-
absorbing solids like chopped tire, carbon, iron powder turned
out to be efficient. Paper was converted into bio-oil composed
from alcohols, aldehydes, acids, and anhydrosugars. Since the
microwave regime provides very mild conditions and the reaction
temperatures were quite low, both types of wastes were subject
to very gentle depolymerization and dehydration (in the case of
paper (cellulose), without severe reconstruction of the carbon
chains. Even the yield of aldehydes that are most reactive among
the products was rather high. Paper (cellulose) and polyethylene
can be depolymerized much easier than lignin.

8. MW-pyrolysis of real biowastes and mixtures
Co-pyrolysis of polymer wastes with biomass components has
also been studied in some works, for instance the conversion of
polyethylene terephthalate with biomass components.®® Bio-oil
basically contains a complex mixture of C4-C,, hydrocarbons
and some ethers, including phenolic and furanic products. The
duration of pyrolysis, microwave power, and particle size may
affect the pyrolysis characteristics in the case of a blend of
biomass and polymer waste.%* In most cases, the decrease of the
particle size results in the higher efficiency of the pyrolysis
process due to the better contact of the active phase of a catalyst
with the polymer molecules of both types (biopolymers and
synthetic polymers).

Corn stover wastes were treated in the catalytic MW-assisted
pyrolysis process (microwave power of 500 W, treatment time
30 min).% The use of metal oxides as catalysts improved the
efficiency and reduced the formation of polyaromatic
hydrocarbons, which are known to be ecotoxicants. The
occurrence of the Fischer—Tropsch reaction resulted in an
increase of the yield of liquid products and a decrease of the
yield of gas products.

Mixtures of biowastes with vegetable oil or other natural raw
materials (triolein, soybean oil, microalgae biomass of
Nannochloropsis, castor and jatropha seeds), cooked oil or
microalgae can be converted into biodiesel using MW
treatment.% Strontium oxide was used as an efficient catalyst.

MW-pyrolysis of wheat straw was studied at 500 °C.%"% The
yield of solid products decreased when the applied microwave
power increased, unlike the yield of gas products, such as CO and
H,. The minimal yield of CO, as a by-product was found with CaO
as an additive. CuO and Fe;0O, tend to catalyze the formation of
liquid products. Pyrolysis occurs most intensively when activated
carbon is used as a MW-absorbing material added to the mixture,
with the maximum content of H, in the gas mixture exceeding 35%.

Sugarcane bagasse is an abundant by-product of sugar production
and can serve as a benign raw material for MW pyrolysis.®® Metal
oxides catalyze the conversion of sugarcane bagasse, and the
required reaction temperature decreased when such catalysts are
used. NiO or CaO increased the production of H,.
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Cotton can be effectively converted into cellulose esters under
MW heating in a N,N-dimethylacetamide/lithium chloride
mixture with 4-(N,N-dimethylamino)pyridine as a catalyst.1%

There are only a few reports on the effect of the nature of the
catalyst, though this issue may be equally important as the
optimization of the microwave regime. Strictly speaking, the
efficiency of heating depends significantly not only on the nature
and chemical composition of the MW-absorbing material, but
also on its phase composition, particle size and morphology.1
One of such papers!® describes the effect of catalysts, including
Ca0, CaCOg, NiO, Ni, 03, y-Al,05 and TiO,, on the efficiency of
sewage sludge pyrolysis. Wet sewage sludge was used, so the
dipolar polarization mechanism predominated in the MW
process. The realization of this mechanism becomes possible in
the presence of water molecules and carbohydrate molecules
that contain polar functional groups. The products included char,
water and water-soluble compounds, oil and non-condensable
gas. Different catalysts demonstrated different behavior resulting
in a dramatic difference in the product distribution. The catalysts
tested can be arranged in the following order for the reaction
temperature rise: Ni,O; = y-Al,05 > TiO, > NiO > CaCOs.
Ni-containing catalysts exhibited the highest activity towards the
decomposition of organic compounds in the sludge as well as
enhanced the yields of bio-oil and gas products. The use of CaO
was beneficial for the formation of H,-enriched syngas, whereas
CO-enriched syngas was produced on Ni-catalysts. y-Al,O5 and
TiO, catalyzed the decomposition of organic compounds in the
sludge, but the composition of gas products was about the same.

The upscaling of the pyrolysis technique is one of the major
barriers for the commercialization of the MW pyrolysis. The
microwave-assisted technology is an effective method to reduce
the pyrolysis reaction time and increase the yields of value-
added products from diverse feedstocks. A very important
advantage of the MW technology is that it does not require any
pretreatment or shredding of the raw materials.

9. Microwave processes under supercritical conditions
Recently processes under supercritical (SC) conditions became
industrially attractive and gained importance. Conversion of
organic wastes is one of the examples in this area.1931% The use
of supercritical media is considered nowadays as a benign
method of performing the chemical processes, because it allows
one to increase dramatically the productivity (space-time yield)
of the processes. The combination of the supercritical and
microwave technologies would probably result in a synergy and
additional benefits, though the use of the microwave technology
is limited in terms of the pressure applied. Such a combined
MW+SC approach was discussed for trans-esterification of algal
biomass in supercritical ethanol.19 The lipid-rich, dry algae
(Nannochloropsis salina) was converted successfully into fatty
acid ethyl esters. A short reaction time, reduction of energy
consumption and high conversion are the benefits of the
integrated approach. SiC was used as an inert additive absorbing
MW energy.

A similar process was performed in supercritical methanol,
where the MW approach was compared to the SC-approach.10
The microwave approach improved the efficiency of extraction
of algae, reduced extractive-trans-esterification time and
increased the yield. The supercritical method gives purified
extracts, and reduces energy consumption.

10. Catalytic conversion of lignin wastes based on the use of
plasma

Under certain conditions (applied microwave power, material’s
dielectric loss characteristics, pressure and composition of gas
present in the system), microwave irradiation is transformed into

microwave plasma. Other types of plasma may be used, except
for the microwave plasma, including corona discharge, ark
discharge, glow discharge, or dielectric barrier discharge plasma,
etc. Each type of plasma demonstrates certain advantages and
drawbacks in comparison with conventional thermal processes
and in comparison with other types of plasma, but this is not the
focus of this mini-review to give a comprehensive analysis of the
different types of plasma applied in lignocellulosic wastes
processing. We will limit our discussion by some examples of
the use of microwave plasma. Thus, an alternative example of
pyrolytic recycling is plasma treatment: diverse organic
polymeric waste is degraded by plasma into a harmless slag and
syngas. This method has already been applied on a large scale in
Japan.1%” Under controlled conditions, plasma processing may
result in enhanced yield of liquid products.

In the case when the MW treatment is performed under
reduced pressures, microwave plasma can be produced. A few
studies were focused on the conversion of biomass in the MW
plasma.’%® Hydrogen can be produced with a high yield from
rice straw by MW-plasma-pyrolysis.1% The concentrations of
hydrogen in the gas mixture reached 48-56% at the highest
conversion of 67.5%.

Deposition of iron or nickel salts on kraft lignin at a very low
metal concentration (0.1 wt%) makes it possible to increase the
conversion of lignin to hydrogen gas with the degree of hydrogen
extraction reaching 90% based on the hydrogen present in the
composition of the lignin sample.!1%-115 The process is considered
to occur under plasma conditions.

Low-temperature plasma was studied in the application to
lignin depolymerization in ethanol to produce derivatives of
aromatics and dicarboxylic acids.1*6 The use of the Fenton
reaction (in the presence of Fe,O5; and H,0O,) creates oxidative
conditions so that the lignin yield increases from 42.6 to 66.0%.

One more example of the use of plasma is related to
liquefaction of lignocellulosic biomass (sawdust, corncob and
rice straw).1¥” A higher energy yield of the liquid fraction was
achieved in the plasma treatment of sawdust, as a result of the
higher content of lignin and lower ash content in this material
compared to other lignocellulosic materials. Lignocellulosic
biomass liquefaction by plasma electrolysis under acidic
conditions has been reported by Xi et al.'*® Sulfuric acid,
p-toluenesulfonic acid, and their sodium salts were used as
catalysts in sawdust liquefaction. Sulfuric acid turned out to be
the optimal system with glycerol as a solvent. The liquefaction
yield achieved 83.5% after 25min with  sodium
p-toluenesulfonate as a catalyst.

Pulsed corona discharge was also studied as an alternative
method for lignin processing.1® Kraft lignin and birch lignin
under treatment in a low oxygen content atmosphere produced
mainly aldehydes.

11. Conclusions

Thus, the new approaches to lignocellulosics conversion into
added-value products include the use of microwave!20:121 or
plasma activation,22 application of supercritical fluids or ionic
liquids for depolymerization. The future perspectives are related
to the realization of nano-effects in lignocellulosics conversion.
The influence of the particle size and morphology has not been
studied for any of the catalytic systems used in the conversion
of this waste. Also, the optimization of the microwave
parameters such as a dependence of the performance on the
operating microwave frequency (1-10 GHz) is far from the
final understanding. The role of each of the three possible
mechanisms (dipolar polarization, conductivity mechanism,
inter-phase polarization) of microwave activation is also not
quite clear. Obviously, benefits of each mechanism should be
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revealed and used to enhance the efficiency of lignin waste
processing, to further decrease the energy consumption and to
improve the selectivity/activity pattern. Other approaches (not
covered by this mini-review are based on the use of additives to
conventional FCC catalysts, additives of radical-producing
moieties (like phenols), or solvents, or olefins to the feed
during the pyrolysis process (non-catalytic and catalytic).
A combination of the above approaches can show a synergy.
Other reactions of lignin and cellulose that have not been
studied yet under microwave or plasma conditions, such as
steam or dry reforming resulting in synthesis gas
production,123124 also deserve attention.
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of Science and Higher Education (project no. 13.2251.21.0070,
unique project identifier RF-225121X0070).
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