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This tutorial review aims to describe the status of the scaling up of organosolv treatment. It is a process
where various lignocellulosic materials are fractionated, selective depolymerization mechanisms are cata-
lyzed, and their main components (polysaccharides, lignin and extractives) can be extracted, separated and
isolated using liquid organic solvents such as alcohols, ketones and proton-donating acid molecules.
Organosolv fractionation can be applied to several renewable biomasses, allows the production of pure
species systems to prepare valuable chemicals, polymers and biomaterial compositions with a related
environmental impact, lower than that of classical industrial plants, and optimizes the resource carbon
efficiency. However, the high energy consumption for the recovery after dissolution, input costs and feed-
stock flexibility robustness are slowing down the piloting of commercial operations. As a critical indicator
evaluation, a summary of reasons why engineering organosolv is still extremely interesting, together with an
overview of the most important organosolv technologies, describing current equipment scale range econ-
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omics, limitations and market research opportunities, is presented in detail. A variety of sources (wood,
straw, bagasse, wastes...), media (water, methanol, ethanol, formates, acetates..) and products (biogas,
bioethanol, (nano)cellulose, glucose, furans...) are comparatively benchmarked. Existing (model) validated,
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1. Introduction

Over the years, academic institutions, research centres and
industries have been concentrating on finding green and sus-
tainable technologies and raw materials to replace fossil
resources to generate energy, chemicals, and materials (i.e.,
plastics), reducing environmental pollution and developing a
real and practicable circular economy. A valuable alternative is
lignocellulosic biomass, mainly composed of wood and grass,
and the resulting wastes generated by industrial production
and end-life products, such as recycled paper and agricultural
residues. These sources of lignocellulose are mainly used to
produce energy, sugars and paper products.’®

Lignocellulosic biomasses are available in high quan-
tities on the Earth (annual output of around 170 billion
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demonstrational or patented configurations are collected, listing strengths as well as challenges.

tons per year (ref. 7)), and their use shows a low carbon
footprint.*® However, lignocellulose is not beneficial only to
produce commodities such as sugars. The reason is corre-
lated with the heterogeneous composition of such a kind
of biomass. It contains lignin (a crosslinked phenolic
polymer), cellulose (a linear polymer composed of glucose),
hemicellulose (a branched heteropolymer composed of
different sugar wunits) and extractives (a heterogeneous
mixture of various compounds such as fatty acids and
rosin). These biopolymers and chemicals can be recovered
and used to prepare a wide range of biomaterials and
high-value chemicals."®™"®

The first and primary step to separate the different com-
ponents of lignocellulose is the pulping process to break the
biomass’s rigid structure. The most common methods are the
ones used already in the paper industry, called kraft and sul-
phite processes.'® However, these treatments were designed to
obtain cellulose fibres for papermaking, ignoring the loss and
degradation of lignin and hemicelluloses. Moreover, lignin can
be removed by acid and enzymatic treatments during the pro-
duction of sugars.” Lignin and hemicelluloses can be recov-
ered from the resulting waste streams, but their quality is low
due to the high depolymerisation rate and contamination by,
for example, sulphur and the high content of salts. Therefore,

This journal is © The Royal Society of Chemistry 2024
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the development of biorefineries for the appropriate proces-
sing of lignocellulosic raw materials is crucial to achieve a cir-
cular economy. They will offer a more eco-sustainable solution
with a fractionation process designed with the target of extrac-
tion and valorisation of all the components of lignocellulose,
looking to have a “zero-waste” approach. All the streams gener-
ated must be considered a valuable source of chemicals,
energy and biomaterials.

In this manuscript, the focus will be on the organosolv
process. It is a fractionation treatment where organic solvents
such as ethanol, acetone, formic acid and acetic acid are com-
bined or not with water and catalysts (i.e., sulfuric acid) at
temperatures above 100 °C to separate lignin, cellulose and
hemicellulose.'” Afterwards, the biopolymers are recovered by
filtration, precipitation and evaporation processes. In particu-
lar, it was found that the organosolv processes allow the extrac-
tion of lignin having higher purity than lignin obtained using
other pulping processes.’® The reasons why the organosolv
process is highly interesting are described in the next section.

Before continuing in this description of the organosolv
process, it is essential to underline that the fractionation pro-
cesses where ionic liquids and deep eutectic mixtures are used
as solvents were not considered in order to separate “classical”
organic solvents from “designer” solvents as described in the
literature.'**°

2. Why is organosolv a valuable
process?

The possibility to select the organic solvents, typically available
in the academic and industrial sectors, and tune the reaction
conditions, such as time, temperature and the ratio of organic
solvent/water, allows using the organosolv process on different
types of lignocellulosic biomasses such as wood (e.g. bark,
sawdust and logs), grass (i.e. Miscanthus giganteous), agricul-
tural residues (e.g. rice husk and corn stover) and waste paper
(e.g. cardboard).'”'*'A list of lignocellulosic biomasses
treated using organosolv fractionation is reported in Table 1.
The main advantage of this methodology is that all the main
components from lignocellulose, extractives, hemicelluloses,
cellulose and lignin can be extracted and valorised to produce
chemicals and biomaterials. In particular, highly pure lignin
can be isolated. The classical methods (kraft and sulphite pro-
cesses) strongly modify the chemical structure of the lignin by
condensation reactions and insertion of sulphur.’® Soda and
hydrolysis processes show higher contents of ashes and sugars
in the isolated lignin, reducing the purity."® Consequently, the
organosolv process can be used to develop biorefineries using
it as a fractionation stage. A simplified scheme of the organo-
solv process applied in a biorefinery is shown in Fig. 1.

Regarding the components that can be extracted and used
to prepare high-value chemicals and biomaterials, this manu-
script focuses on the main four: extractives, hemicelluloses,
cellulose and lignin.
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2.1. Extractives

Extractives are a mixture of various chemicals (phenolic com-
pounds, fats, waxes, terpenes and terpenoids), which, by defi-
nition, are soluble in organic solvents. The extractives are the
less developed family of chemicals studied after organosolv
treatment because they are generally separated by a pre-treat-
ment.>> However, two recent publications studied the recovery
of extractives from spent coffee grounds and exhausted olive
pomace, using the organosolv process by the application of a
solvent mixture composed of methanol/hexane or ethanol/
water in the presence of sulfuric acid, which found use as the
catalyst. Afterwards, the extractives were converted to fatty
acids (fatty acids methyl esters and omega-3 fatty acids).”>>*

2.2. Hemicelluloses

More studies were done on the valorisation of hemicelluloses.
Hemicellulose is a branched polysaccharide mainly composed
of xylose, arabinose, glucose, mannose, galactose, and rhamnose.
This polysaccharide can be extracted from different lignocellulosic
biomasses (ie. wood and straw) using various organosolv
methods; the most described process consists of using an ethanol/
water solution in the presence or not of acid and alkali catalysts
such as sulfuric acid and sodium hydroxide. The extracted hemi-
celluloses were further modified using biological and chemical
methods in order to obtain iso-butanol,> as a component for bio-
films,*® ethyl glycosides® and furfural for resin applications.*®

2.3. Cellulose

The organosolv fractionation also allows cellulose recovery, a
linear polysaccharide composed of glucose units. Cellulose
can be extracted from different lignocellulosic biomasses, such
as wood, straw and cardboard, by organosolv methods.
Various organosolv processes were studied to recover cellulose,
such as aqueous solutions containing organic acids (formic
acid and acetic acid), alcohols (ethanol, methanol and gly-
cerol) and alternative solvents (gamma-valerolactone). Acid or
alkali catalysts are also added to enhance the fractionation
efficiency. Currently, the main application of organosolv cell-
ulose consists in its fermentation to produce commodities
such as sugars and biofuels.>**° However, high-value chemi-
cals and biomaterials can also be obtained. The main studies
focus on generating cellulose nanofibrils (CNF),>" nanocellu-
lose,** cellulose nanocrystals (CNCs),**?* butyl glucosides,*”
carboxymethylcellulose®® and dissolving pulp.®”

2.4. Lignin

Lignin is the most studied component extracted from ligno-
cellulosic biomass using organosolv processes. It is a highly
branched and heterogeneous macromolecule composed of
phenyl propane units. Lignin can be extracted from cardboard,
grass, wood, grass, cornstalk, stover, and other agricultural
residues using different organosolv fractionations. These
methods include using solutions composed of organic acids
(formic acid and acetic acid), alcohols (ethanol, methanol and
butanol) and ketones such as acetone. Adding acid (both
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Table 1 Lignocellulosic biomasses and applications of extractives, hemicelluloses, cellulose and lignin
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Lignocellulosic Extractive Hemicellulose Ref.
source Organosolv solvent applications applications Cellulose applications Lignin applications e
Corn stover Gama-butyrolactone/water — — — — 10
aluminium sulfate
octadecahydrate
Old corrugated Formic acid/water — — Dissolving pulp — 21
cardboard
Bark of Norway Ethanol/water, sulfuric acid — — — — 22
spruce
Spent coffee Methanol/hexane, sulfuric Fatty acid Biogas Biogas — 23
grounds acid methyl esters
Exhausted olive Ethanol/water, sulfuric acid Omega-3 fatty — — — 24
pomace acids
Beechwood Ethanol/water — Isobutanol — — 25
Wheat straw Ethanol/water, sodium — Biofilm Nanocellulose biofilm — 26
hydroxide
Sitka spruce wood  Ethanol/water, sulfuric acid — Ethyl glycosides ~ Glucose — 27
Debarked beech Ethanol/water, sulfuric acid — Furfural — — 28
wood
Sugarcane bagasse  Ethanol/water, sulfuric acid — — Glucose — 29
Sugarcane bagasse  Glycerol/water, sulfuric acid — — Bioethanol — 30
Hardwood 1,4-Butylene glycol/water, — — Cellulose Nanofibrils — 31
1-butyl-3-methylimidazolium biofilm
hydrogen sulfate as catalyst
Kenaf fibres Acetic acid/water, hydrogen — — Nanocellulose — 32
peroxide
Bark-free birch Ethanol/water — — Nanocellulose — 33
woodchips
Eucalyptus Gama-valerolactone/water or — — Cellulose nanocrystals — 34
hardwood ethanol/water with sulfuric
acid
Rice Straw Ethanol/water, organic acid — — Butyl Glucosides . 35
Wood chips Methanol/water — — Carboxymethylcellulose — — 36
Wood chips Ethanol/water, sulfuric acid — — Dissolving pulp — 37
Aspen wood chips  Ethanol/water, hydrochloric — — — Aerogels 38
acid
Beechwood Lignin, Fraunhofer CBP* — — — Coating material 39
Beechwood, Ethanol/water, sulfuric acid — — — Barrier coating 40
Japanese knotweed material
Beechwood Lignin, Fraunhofer CBP* — — — Tissue engineering 41
Corn stover Ethanol/water, sulfuric acid or — Sugars Sugars Nanoparticles 42

Wood chips
Wheat straw,
spruce wood,
beech wood
Beechwood
Cornstalk
Beechwood chips
Beechwood

Oil palm empty
fruit bunch
Southern yellow
pine

Hybrid poplar
chips

Bamboo

Miscanthus X
giganteus
n.d.

Corncob

n.d.

n.d.
n.d.

formic acid or sodium
hydroxide
Ethanol/water
Ethanol/water

Lignin, Fraunhofer CBP*
Formic acid/acetic acid/water
Ethanol/water, sulfuric acid
Lignin, Fraunhofer CBP*

Formic acid/water
Ethanol/water, sulfuric acid
Butanol/water, acetic acid
Acetic acid/water
Ethanol/water

Lignin, Chemical point UG?
Ethanol/water

Lignin, South China
University of Technology”

Lignin, Shanfeng Co. Ltd”
Lignin, Shanfeng Co. Ltd”

188 | Green Chem., 2024, 26, 186-201

Flotation collector 43

Nanoparticles 44
Adhesive 45
Adhesive 46
Adhesive 47

Composite for 3D 48
printing
Composite for 3D 49
printing
Stereolithography 50

Self-healing 51
polymer
Self-healing 52
polymer
Antioxidant 53

Oxidant inhibitor 54
Antioxidant 55
UV-absorber 56

Metal biosorbent 57
Metal biosorbent 58

This journal is © The Royal Society of Chemistry 2024
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Table 1 (Contd.)
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Extractive
applications

Lignocellulosic

source Organosolv solvent

Aleppo pine, Ethanol/water, sulfuric acid —
Eucalyptus globulus
Coconut shells Acetone/water, inorganic acids —
Exhausted olive
pomace

Spruce wood
Banana peels

Ethanol/water, sulfuric acid —

Ethanol/water, sulfuric acid —
Acetic acid/water, hydrochloric —
acid

Poplar wood Methanol/dioxane —

Hemicellulose Ref.

applications Cellulose applications Lignin applications e

— — Stabilisers for 59
cellulose nitrate

— — Flame retardant 60
resin

— — Rigid polyurethane 61
foam

— — Antimicrobial 62

— — Antioxidant, 63
Antimicrobial

— — Biofilm 64

“It is not specified, but Fraunhofer CBP technology is based on ethanol/water organosolv process. ” No other information is provided.

Lignocellulosic
biomass

Primary
ORGANOSOLV | biorefinery
fractionation
Extractives Hemicellulose Cellulose Lignin
Secondary
Conversion processing biorefinery
Energy Biomaterials

Platform
chemicals

Fig. 1 Organosolv fractionation in biorefinery.

organic and inorganic) or alkali catalysts is also considered to
boost fractionation yields. The interest in organosolv lignin
comes from its superior purity over the other technical types.'®
For this reason, organosolv lignin is under study for the prepa-
ration of added-value materials such as aerogels,®® coating
materials,”>*®  tissue  engineering,"®  nanoparticles,"***
adhesives,">*” bio-composites for 3D-printing,”*>° recyclable
and self-healing polymers,”* antioxidant agents,”* > UV-absor-
ber agents,*® metal absorbers for wastewater treatment,>”*® stabil-
isers of cellulose nitrate,> flame retardant resins,®® polyurethane
foams,®" antimicrobial agents®*®* and bio-films.**

3. Organosolv processes over the
years

Due to their great potential, several organosolv processes have
been developed over the years, and novel solvents are under

This journal is © The Royal Society of Chemistry 2024

study. They can be classified into four categories based on the
type of solvents used: alcohol, ketone, organic acid, and hybrid
processes. Below, the main organosolv processes are briefly
described. The processes are also reported in Table 2.

The Alcell treatment is one of the oldest organosolv pro-
cesses developed.®® In this case, aqueous ethanol (around
50%) is used as the solvent operating at about 180-200 °C and
a pressure of 29-31 bars.®® The pH is around 4 without adding
acid or alkali compounds due to the formation of acetic acid
during biomass fractionation. Currently, operational plants are
not reported. A scheme of the Alcell process is reported in
Fig. 2.

The organocell method is a two-stage process where
aqueous methanol (around 50%) is used as the solvent. In the
first stage, the “acid stage”, the biomass is treated in the
solvent having pH = 4-6, at around 200 °C and 40 bars. In the
second stage, called the “alkaline stage”, sodium hydroxide
with fresh solvent is added, and the temperature is kept at
around 170° with a pH between 8 and 12.%”°°® Currently, oper-
ational plants are not reported. A scheme of the organocell
process is reported in Fig. 3.%°

The lignol process is an ethanol-water treatment derived
from the Alcell method. The main difference is the addition of
an inorganic acid (e.g. sulfuric acid) to keep the pH between 2
and 3.”%7" Currently, a pilot plant is operational. A description
is reported in the next section. A scheme of the lignol process
is shown in Fig. 4.

The  alkali-sulphite-anthraquinone-methanol  (ASAM)
process is derived from alkaline sulphite pulping where anthra-
quinone is used as the delignification catalyst but methanol
(around 30%) is applied as the co-solvent together with water.
The working temperature is about 170-180 °C, and the pH is
above 13.7>7% Avariation using ethanol instead of methanol was
also studied.”* Currently, operational plants are not reported. A
scheme of the ASAM process is reported in Fig. 5.

The Fraunhofer Centre developed an alcohol organosolv
process using aqueous ethanol (around 90%) at 200 °C and 40
bars. This treatment can be considered an Alcell-derived
process.”>’® Currently, a pilot plant is operational. A descrip-
tion is reported in the next section. A scheme of the process is
shown in Fig. 6.

Green Chem., 2024, 26,186-201 | 189
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Table 2 Summary table of organosolv processes
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Name Class Solvent Conditions Ref.

Alcell Alcohol Aqueous ethanol 180-200 °C, 29-31 bar, pH 4 65 and 66
organosolv

Organocell Alcohol Aqueous methanol (1) pH = 4-6, 200 °C, 40 bar (2) pH = 8-12 170 °C 67-69
organosolv

Lignol Alcohol Aqueous ethanol Alcell-like conditions with Sulfuric acid pH 2-3 70 and 71
organosolv

ASAM Alcohol Aqueous methanol or ethanol pH above 13, 170-180 °C, anthraquinone as catalysts, 72-74
organosolv (>30%) sulphite as delignification agent

Fraunhofer Centre ~ Alcohol Aqueous ethanol (90%) Alcell-like conditions, 200 °C, 40 bar 75 and 76
organosolv

Glycell Alcohol Glycerol Sulfuric acid as catalyst, 130-160 °C, 2-5 bar 77 and 78
organosolv

Fabiola Ketone Aqueous acetone Sulfuric acid as catalyst, 140 °C, 15 bar 79-81
organosolv

SEW or AVAP ® Alcohol Aqueous ethanol Sulphur dioxide at 130-160 °C 82-84
organosolv

Vertoro B.V Alcohol Methanol Sulfuric acid as catalyst, 160-200 °C, 15 bar 85-87

(Goldilocks®) organosolv

AST Alcohol Butanol Sulfuric acid as catalyst, 180 °C 51 and 88
organosolv

Acetosolv Organic acid Acetic acid 85% Sulfuric acid as catalyst, 200 °C, 20 bar 90-92
organosolv

Acetocell Organic acid Acetic acid 85% 200 °C, 20 bar 90-92
organosolv

Formacell Organic acid Acetic acid 85%, Formic acid Acetosolv-like conditions 93 and 94
organosolv 10%

Milox Organic acid Aqueous formic acid (1) 120 °C (2) addition of performic acid 95 and 96
organosolv

Formico Organic acid Aqueous formic acid (>40%) 130-170 °C 97 and 98
organosolv

CIMV Organic acid Acetic acid/formic acid/water 110 °C 99-101
organosolv mixture (30:50:20)

LignoFibre Organic acid Acetic acid (80%) Phosphinic acid (3.5%) as catalyst, 150 °C 102 and
organosolv 103

Bloom Hybrid Dioxane Chloric acid as catalyst and formaldehyde as 104-106
organosolv stabiliser, 80-100 °C

-

<-~s<oone

Fig. 2 The Alcell process (reproduced from ref. 65 with permission

from Tappi J., copyright 1991).

The Australian company Leaf Resources Ltd has ownership

of the Glycell™ process.”””®

It consists of an organosolv frac-

Pulp
washing

tionation composed of glycerol as a solvent in the presence of
sulfuric acid as a catalyst. The operating temperature is around
130-160 °C and pressure is 2-5 bars. Currently, a pilot-scale
plant is operational. A description is reported in the next
section.

190 | Green Chem., 2024, 26,186-201

Fig. 3 The organocell process (reproduced from ref. 69 with per-
mission from Tappi J., copyright 1989).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The Lignol process (image redrawn and modified from ref. 70).

Wood chips, cooking liquor with methanol

Methanol

Vapor
condensate

Black
liquor

Concen-
trated
liquor

Dirty
condensate

Fig. 5 The ASAM process (reproduced from ref. 72 with permission
from Tappi J., copyright 1991).
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concentration
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Fig. 6 Example of the Fraunhofer Centre organosolv process (repro-
duced with permission and courtesy from Fraunhofer CBP, copyright: ©
Fraunhofer CBP).

The Netherlands Organization for Applied Scientific
Research (TNO) developed an organosolv process called
Fabiola. In this treatment, aqueous acetone (around 50%) is

This journal is © The Royal Society of Chemistry 2024
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used as a solvent, in the presence of sulfuric acid as the cata-
lyst, at 140 °C and under 15 bars.”"®" Currently, operational
plants are not reported, but studies for the scale-up are
ongoing. A scheme of the Fabiola process is reported in Fig. 7.

The SO,-Ethanol-Water (SEW) or American Value-Added
Pulping (AVAP®) is an ethanol-based organosolv process oper-
ating in the presence of sulphur dioxide at 130-160 °C.%*"%*
Currently, operational plants are not reported. The main limit-
ation is the use of toxic gas. A scheme of the SEW process is
reported in Fig. 8.

The Vertoro B.V. company developed a patented process to
obtain a crude liquid lignin oil useful as a chemical platform
(Goldilocks®). The lignocellulosic biomass is processed using
methanol as the solvent and sulfuric acid as a catalyst at
160-200 °C and under around 15 bars.®>®® Currently, oper-
ational plants are not reported, but studies for the scale-up are
ongoing. A scheme of the process is reported in Fig. 9.%

The American Science and Technology Corporation (AST) is
currently using butanol as a solvent in the presence of sulfuric
acid as a catalyst. The optimal temperature is 180 °C.>"*® Now,
a semi-continuous plant is operational. A scheme of the AST
process is reported in Fig. 10. A homogeneous solution of
butanol and water in a 1: 1 ratio is formed due to the operative
temperature being above 120 °C.%%% At the end of the fraction-
ation, the solvent is transferred to a tank where a split between
the organic layer and the aqueous layer is possible, allowing
the separation and recycling of the organic phase.

Acetosolv and Acetocell processes are two organosolv treat-
ments that use acetic acid (85%) as the solvent operating at

Water wash liquid

Disintegration |

! " ceuulose
\\\\\ = eute

Abdianot 0
| auor I
L emcaone ot J—
— o SYRUP

Pulping liquor

Extrusion liquid

b

WOOD _ bec o 100°C using
CHIPS g 213

6 sugars
m— C5 sugars
w— Lignin

LIGNIN Furfural and water

Fig. 7 The Fabiola process (reproduced from ref. 79 with permission
from the authors. Published by American Chemical Society, copyright
2022).
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v Y
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v
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2 v

Pulp I I SEW liquor I

Y
Washing ‘

Washed Pulp

Fig. 8 The SEW process (image redrawn and modified from ref. 83).
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Fig. 9 The Vertoro B.V. process (reproduced from ref. 87 with per-
mission from Vertoro B.V., copyright: 2021).
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Fig. 10 The AST process (reprinted with permission from ref. 51.
Copyright 2019 American Chemical Society.).

around 200 °C and under 20 bars.’>®" The difference is that
an acid catalyst (e.g. sulfuric acid) is present in the Acetosolv
process.”” Currently, operational plants are not reported.

The Formacell treatment is a derived Acetosolv process
where a mixture of formic acid and acetic acid is used instead
of acetic acid alone. Typically the solvent is 85% acetic acid,
10% formic acid and 5% water.”>°* Currently, operational
plants have yet to be reported.

Chempolis Oy developed a process called Milox, where
formic acid is used as a solvent operating at around 120 °C. In
the second step, performic acid is added to enhance the
delignification.”>?® Currently, operational plants are not
reported.

Chempolis Oy also developed a second organosolv process
called Formico. In this technology, formic acid is the main
component in the biosolvent and the main delignification
agent having a concentration of at least 40% with an operative
temperature of 130-170 °C.°”*® Currently, a pilot plant is oper-
ational, and studies for a further scale-up are ongoing. A
description is reported in the next section. A scheme of the
possible production concept using the Formico process is
reported in Fig. 11. Together with sulphur-free lignin and
ethanol, Formico allows the extraction and isolation of sugar-
based products. Alternatively, cellulose can be used for paper-
making or textile applications.

The Compagnie Industrielle de la Matiere Végétale (CIMV)
developed an organosolv process based on an acetic acid/
formic acid/water mixture (typically 30:50:20) working at
around 110 °C.*°7'°" Currently, a pilot plant is operational. A
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Fig. 11 The Formico process (reproduced with permission and courtesy
from Chempolis Oy, copyright: 2022).

description is reported in the next section. A scheme of the
process is reported in Fig. 12.

The Technical Research Centre of Finland Ltd (VIT) devel-
oped an organosolv process called LignoFibre. This process
consists of using acetic acid (80%) as a solvent in combination
with phosphinic acid (3.5%), working at 150 ©C.'°>'%?
Currently, operational plants are not reported.

The Swiss start-up Bloom Biorenewables, created in 2019 as
a spin-off from the Ecole Polytechnique Fédérale de Lausanne,
is working on the scale-up of an organosolv process. The
biomass is treated using dioxane as a solvent, chloric acid as a
catalyst and formaldehyde as a stabiliser to control the lignin
depolymerisation. The typical temperature is around
80-100 °C.'**7'°® The main novelty of the reaction compared
to the organosolv process described before is the use of for-
maldehyde as a protective agent of lignin, reducing the risk of
condensation and modification reactions. Combined with low
temperatures and elevated lignin solubility in dioxane, this
process allows for the production of high-quality lignin.
Currently, the process is developed at a laboratory scale (10 L).

The processes show similar operative conditions. Therefore,
their scaling up, in section 4, is based on chemical and econ-
omic evaluations of the companies which are owners of the
patents.

It is possible to provide an overview to differentiate the pro-
cesses on the lignin structure depending on the process para-
meters. Organic and inorganic acids enhance the removal of
lignin, breaking the lignin-carbohydrate bonds, but reduce
the B-O-4 bonds. An increase in temperature (above 170-180°)

/i 7
/ANFA20/
L7

L ] L St 0w

’ p S .
Extraction )—-{ Deligaitation [——{ Deacdinicarion )_.‘ Pulp Washing }::}.

’ - i
[ silica !

p Sotvent o
35 —— Regeneration _Hydross |

/ankamo/
L2277

[ mana |

| Precipitation |
Buffer Tanks .
/ Lignocellulosic /'

/ Biomass __/
siea Gincose
Ligain TlvllmmlH — 1 Sol 7w Solie 0% wiw

Solde 9% we Solda

Fig. 12 The CIMV process (reproduced from ref. 100 with permission
from the Authors Published by Frontiers, copyright: 2020).
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decreases the molecular weight and increases the phenol
content. The solvents modify the functional groups of lignin.
For example, the lignin extracted with an organic acid presents
a higher content of carboxylic groups. The lignin extracted
using alcohol shows a higher content of hydroxyl groups.'®”

4. Scale-up

Despite the various studies and the high interest in the orga-
nosolv process, its commercial scale-up still needs to be
achieved. The reason is correlated to the limitations described
in section 5 — Challenges. Currently, four pilot plants are oper-
ational, three in Europe and one in North America.'*® The
current pilot-scale plants and future scale-up are summarised
in Table 3.

A plant based on Lignol technology is operational for gener-
ating ethanol and lignin (around 1.000 t per year) from soft-
wood and hardwood."*® The supplier is Suzano company, born
by merging Suzano Pulp and Paper and Fibria Innovation Inc.
(owner of Lignol technology)."”

The Fraunhofer Centre in Germany has a pilot plant based
on its technology where ethanol, lignin (around 500 t per year)
and xylose are produced starting from hardwood as the raw
material.'%®

The Leaf Resources Ltd has a pilot scale plant based on the
Glycell™ technology.”” Currently, the plant produces around
8000 t per year of wood resin and wood turpentine starting
from pine. In 2022, it started rebuilding and upgrading the
plant to reach a production of 16000 t per year of wood
products.'®

The CIMV has a plant in France based on their technology
for producing lignin (around 1.000 t per year), cellulose, C5
sugars and silica. The biomasses used as starting material are
wheat straw, wood and bagasse."®

Table 3 Scale-up of organosolv processes and current research
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Chempolys Oy, in collaboration with Fortum Oyj, developed
a pilot plant based on Formico technology for producing
ethanol, cellulose pulp, lignin (around 1.000 t per year), xylose
and other biochemicals from different biomasses such as
wood, straw, grass and bagasse.'®

Together with these pilot plants, AST has an operational
semi-continuous plant, with a reactor of around 7600 litres, for
generating cellulose and lignin (around 26 t per year).''°
However, it is used for scientific purposes.

Simultaneously, projects are ongoing to develop new orga-
nosolv methods and the process scale-up. The Fabiola process
was studied during the European project UnRavel (no.
792004), which ended in May 2022. The process passed from a
laboratory scale to a reactor of 460 litres, and the starting
material was composed of wood chips.”®

The European project Fraction (no. 101023202) involves
developing a scalable organosolv process based on gamma-
valerolactone (GVL). This project started in 2021 and will end
in 2024. Currently, they are testing different types of bio-
masses, including agricultural residues and paper and pulp
industry residues.'**

The company Bloom Biorenewables is working on the scale-
up of its patented process. Currently, they are studying to pass
from the laboratory scale of a 10 L reactor to 630 L for a pilot
plant. The most studied biomass for this process is wood."*?

In 2022, Vertoro B.V. started a collaboration with the
Swedish company Sekab to construct a demo plant for the
scale-up of Goldilocks® technology using different biomasses
such as lignin, plants and residues from the paper industry.'*?

In conclusion, Fortum Oyj and Chempolis Oy are working
on the development of a European industrial plant with a
capacity of organosolv lignin production of 50.000 t per year
using Formico technology. The raw materials would be
300.000 t per year of straw. The plant is expected to be oper-
ational in 2027.'**

Organosolv Current lignin

Name class scale Future lignin scale Starting biomass Ref.

Lignol Alcohol 1.000 t per year — Wood 108

Fraunhofer Alcohol 500 t per year — Hardwood 108

Glycell Alcohol 8.000 t per 16.000 t per year “ Softwood 109

year ¢

CIMV Organic acid 1.000 t per year — Wheat straw, wood and bagasse 108

Formico Organic acid 1.000 t per year  50.000 t per year (expected in ~ Wood, straw, grass and bagasse 108 and
2027) 114

AST Alcohol 26 t per year — Hardwood, softwood, and agricultural 110

wastes

Fabiola Ketone 460 L reactor — Wood chips 79

Fraction project Hybrid — Laboratory Scale (project Agricultural residues and paper and pulp 111
started in 2021) industry residues

Bloom Hybrid — 630 L reactor (Start-up started ~ Mainly wood 112

Biorenewables in 2019)

Vertoro B.V. Alcohol — Demo-plant (Project started in ~ Lignin, plants, and residues from the 113

2022)

“Wood products.
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5. Challenges

The first publications about the organosolv process are from
the second half of 1980, but no commercial or industrial
plants are currently operational. Over the years, several techno-
economic and LCA analyses were carried out on the organosolv
process to detect the critical issues from the economic and
environmental points of view. Most of the techno-economic
analyses show that the scaling up of the organosolv process is
difficult due to the high costs related to the purchase of chemi-
cals and the energy consumption caused by heating and
solvent recycling. However, the life-cycle assessment (LCA)
studies showed that the organosolv process is more environ-
mentally friendly than classical pulping treatments.

In order to summarise the types of organosolv processes
studied, we tried to classify such kinds of fractionations to the
closer known organosolv classes already described above. In
Table 4, the techno-economic analysis and LCA studies are
reported.

In 2016, Nitzsche et al. simulated, using Aspen Plus® soft-
ware, the organosolv process (Lignol-like) of having 400 000 t
per year beech wood chips as feedstock. The target products
were polymer-grade ethylene, organosolv lignin and fuel. The
main conclusion is that the heat-integrated biorefinery
concept is not profitable. Therefore, only highly valuable pro-
ducts sold at high prices can open to a cost-effective
process.'?

Budzinski and Nitzsche simulated four organosolv biorefi-
neries (Lignol-like) to compare their economic and environ-
mental aspects. The feedstock is 400 000 t per year of beech
wood. The products are polymer-grade ethylene, organosolv
lignin, the fuel hydrolysis lignin, biomethane, liquid “food-
grade” carbon dioxide and anhydrous ethanol. Aspen Plus®
v8.6 software was used for the simulations. All four biorefi-
neries showed a lower environmental impact when compared
with reference systems (currently available fossil-based techno-
logies to provide the target products) used for comparisons.
However, the economic profitability is strongly influenced by
the costs of feedstocks and the price of the products.'*®

In 2017, Zhao et al. wrote a review of different organosolv
fractionation pre-treatments for enzymatic saccharification of
cellulose where solvents such as ethanol, acetone and acetic
acid were applied. The authors say this process is still not com-
petitive compared to conventional pre-treatments due to the
cost of organic solvents and their recovery. The reduction of
energy consumption for solvent recovery and the development
of more high-value products are two crucial points to make the
organosolv process profitable.'!”

In 2018, Moncada et al. studied the techno-economic and
environmental aspects of Cé-sugar production from spruce
and corn, comparing organosolv (Lignol-like) and wet-milling
technologies considering a plant capacity of around 1 000 000 t
of dry wood (feedstock) per year. Based on the results, the
organosolv process looks more environmentally friendly and
economically feasible but with higher investment costs than
wet milling technology. Moreover, the authors report that the
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economics of the organosolv process is highly sensitive to the
yields of lignin and sugars."®

Gurgel da Silva et al. made a techno-economic analysis of
an organosolv process (Lignol-like) to obtain technical lignin.
It was observed that a high amount of energy is required to
disrupt the lignocellulosic structure (1/3rd of the total pro-
duction costs). Aspen Plus v8.0 simulated a process of
88.500 kg h™* dry biomass considering wood as the feedstock.
The authors conclude that to make the process economically
sustainable, it is necessary to improve the energy-saving
mechanisms and enhance the recovery of the products.'*’

Santos et al. present a techno-economic analysis and an
environmental assessment of the production of bio jet fuel,
acetic acid, furfural and succinic acid using a sugarcane-based
biorefinery. Eight biomass pre-treatment technologies were
considered, ie. dilute acid, dilute acid + alkaline treatment,
steam explosion, steam explosion + alkaline treatment, organo-
solv (Lignol-like), alkaline wet oxidation, liquid hot water and
liquid hot water + alkaline treatment. Organosolv was one of
the processes able to obtain the highest yield of fuel and
reduce greenhouse gas (GHG) emissions, but, at the same
time, required the highest operational costs (solvent purchase
and recycling).'*’

Bello et al. studied the LCA of different lignocellulosic bior-
efinery scenarios for an integrated valorisation of residual
beech wood chips using an organosolv process (Lignol-like).
The plant capacity considered was 83.3 t h™" of dry wood. The
authors conclude that the optimisation of technologies to
improve energy saving and the production of high-value pro-
ducts is crucial for the feasibility of the industrial process.
However, more studies are necessary to evaluate the develop-
ment of an integrated biorefinery.!*!

Patel et al. studied the production of bioplastics from ligno-
cellulosic biomasses using steam explosion and organosolv
(Lignol-like and CIMV-like) processes. The target products
were C6-C5 sugars and lignin. Only organosolv provides high
purity lignin. For this study, the calculation considered the
production of 1 kg of bioplastic as a functional unit. In this
case, the profitability of the organosolv process is sensitive to
the final price of the products and the necessity of energy inte-
gration. The CIMV process shows an 8% lower GHG impact
and higher yield of C5-sugars.'**

In 2019, Nieder-Heitmann et al. simulated and compared,
using Aspen Plus® software, the production of succinic acid
and electricity from biomasses using different processes:
dilute acid, alkaline, organosolv (Lignol-like), ammonia fibre
expansion, steam explosion, and wet oxidation. In the organo-
solv process, the feedstock was (23400 t h™' bagasse and
trash). However, the organosolv process was not economically
profitable together with the wet oxidation treatment due to
limited energy efficiency."*?

Mesfun et al. assessed a techno-economic hybrid process
(organosolv-steam explosion) using wood (hardwood and soft-
wood) as biomass. The model was developed with the target
production of 50.000 t per year of lignin. The organosolv is a
Lignol-like treatment. However, it is an extremely energy-inten-

This journal is © The Royal Society of Chemistry 2024
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Table 4 Economic and environmental assessments, scale and limitations
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Type of Organosolv Environmental advantages
assessment process Estimated scale Limitations over other processes Ref.
Economic Lignol-like 400 000 t per year Heat integrated biorefinery — 115
Beechwood chips
Economic and Lignol-like 400 000 t per year Influence of feedstocks price Low environmental 116
Environmental Beechwood chips impact
Economic® Alcohol, ketone — Price of organic solvents, energy — 117
and organic acid consumption
organosolv
Economic and Lignol-like 1000 000 t per year dry High investment costs, yields of Low environmental 118
Environmental wood products impact
Economic Lignol-like 88500 kg h™" wood Energy consumption and products — 119
yields
Economic and Lignol-like 208 900 ton per year bio-  High operational costs (solvent Organosolv reduces GHG 120
Environmental jet (product) purchase and recycling) emissions
Environmental Lignol-like 83.3 t h™" of dry wood Energy consumption and price of — 121
products
Environmental Lignol-like and 1 kg of bioplastic as a Final product price, energy Reduction of GHG 122
CIMV-like functional unit consumption
Economic Lignol-like 23400 th™' bagasse and  Low energy efficiency — 123
trash
Economic Lignol-like Softwood and hardwood  Energy consumption, the value of the — 124
for target production of products
50 000 tons of dry lignin
per year
Economic and Lignol-like 97000 kg h™" for 7920 h  High costs in utilities due to recycling ~ More pure lignin 125
environmental of corn stover processes and CO, emissions, heat
integration not possible
Economic Alcell-like 10.000 t per year of Extraction limitations and energy — 126
walnut shells required
Economic® Lignol-like and — High consumption of chemicals and — 127
Alcell-like energy for the recovery of solvents.
High dependence on yield and value of
products
Environmental® Lignol-like — — Environmentally friendly 128
in terms of climate
change impact
Economic Alcell-like 2000 t d™" of eucalyptus The process is profitable when high- — 129
logs value chemicals are produced (lignin
polyols and platform chemicals vs.
technical lignin, sugars and ethanol)
Economic Alcell-like 114 t h™" of sugarcane Economic point of view is the — 130
bagasse limitation of the process
Economic and not reported 500 t d™* wood Depending on the value of final — 131
Environmental products, CO, production is compar-
able with that of other processes, but
other pollutants were not studied.
Economic and Lignol-like 40.000 t per year of wood ~ Economic point of view is the Lower global warming 132
environmental chips limitation of the process. Necessary for potential (excluding
the production of high-value chemicals biogenic carbon)
Economic and Fabiola 300.000 t per year dry Economic point of view is the Improved environmental 133

environmental

“Review article.

biomass

limitation of the process. Improvement
with respect of ethanol process.

impact compared to the
ethanol process

sive process that does not resolve the energy requirements
already present in the organosolv process without significant
improvements in the quality of the products.'**

Gurgel da Silva et al. compared different pre-treatment pro-
cesses for the production of ethanol, studying the economic
and environmental impacts. Diluted acid, liquid hot water,
steam explosion, ammonia fibre explosion, and organosolv
(Lignol-like) pre-treatments were considered. The target
product is bioethanol. The process simulation was performed
with the software Aspen Plus® v8.6, considering corn stover as

This journal is © The Royal Society of Chemistry 2024

feedstock (97.000 kg h™" for 7920 h). The organosolv process
showed the highest utility costs due to the recycling process
and, consequently, the highest carbon dioxide emissions. Also,
it is the only process where heat integration is not feasible.
However, the organosolv process is the one able to extract pure
lignin.'*

In 2020, a thesis described the simulation of a large-scale
organosolv process (Alcell-like, 10.000 t per year of walnut
shells) using Aspen Plus® software. The author reports the
lack of data due to the novelty of the process at this scale,
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causing difficulty in having accurate assumptions and simu-
lations. The target product is organosolv lignin. The process
is, at the moment, not economically feasible. The operating
costs are currently too high due to the extraction limitations
and energy required to recover the solvent. The options are to
optimise the process (e.g. selecting a different organic solvent
to boost the extraction and improve the solvent recovery
system) and sell the lignin at higher prices.**®

Soltanian et al. studied the exergetic aspects of the pre-treat-
ment process (diluted acid, organosolv and steam explosion)
for converting lignocellulose to fuels. Different organosolv pro-
cesses, Lignol-like and Alcell-like, were investigated. For exergy
aspects, the organosolv process was found to be less efficient
than steam exploded treatment due to the high consumption
of chemicals and energy for the recovery of solvents. Moreover,
organosolv efficiency is highly dependent on the effectiveness
of recovery of lignin and hemicelluloses. Therefore, improving
the fractionation stage and the method to recover the sol-
vents'?’ is necessary.

In 2021, Ryan and Yaseneva reported and compared in a
review the LCA on different woody biomass treatments (e.g.
organosolv, kraft pulping, and diluted acid) for its conversion
to sugars. The results suggested that the organosolv process
considered in the publication (Lignol-like) is the most environ-
mentally friendly, particularly regarding climate change."®

Dornelles et al. studied the economic aspects to valorise the
eucalyptus. The author found that focusing on lignin,
especially polyols, and commercialised sugar is more profit-
able than preparing cellulosic chemicals. Also, this organosolv
approach (Alcell-like) is more profitable than producing
ethanol, sugar and technical lignin. In this case, a plant with a
capacity of 2000 dry tons of eucalyptus logs per day was
considered."’

Ospina-Varon et al studied different pre-treatment pro-
cesses: steam explosion, organosolv (Alcell-like) and hot water
to obtain nanocellulose. Aspen Plus v10 was used as the simu-
lation software. This work considered a feedstock flow of
sugarcane bagasse of 114 t h™. The results show that the orga-
nosolv process has the best technical performance, but its
economic behaviour is its biggest disadvantage."*°

Ouhimmou et al. used as a study case the forest industry in
the Mauricie region (Canada). Different pre-treatments were
considered: hot water extraction, fast pyrolysis, organosolv frac-
tionation, and kraft pulping. The organosolv considered is not
specified, but it was studied on a scale of 500 t d™* of wood. In
summary, the profitability of the organosolv process is strongly
influenced by the type of products generated during the
process. In addition, this study evaluated greenhouse gas
(CO2) generation, showing that organosolv has a GHG gene-
ration comparable to other pre-treatments. However, replacing
other common pollutants (such as sulphur) not
considered."?’

In 2022, Zeilerbauer et al. simulated an organosolv biorefin-
ery (Lignol-like, input 40.000 t per year of wood chips) to evalu-
ate the techno-economic and LCA aspects. The biorefinery was
compared with the process based on fossil resources to obtain

was
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the target products, lignin monomers, lignin oligomers and
C6 sugars. The organosolv biorefinery provided a lower global
warming potential (excluding biogenic carbon) than its fossil
counterparts. However, the process is not profitable with
prices based on fossil references. Therefore, it is necessary to
obtain products having higher market demand/price."*?

Keller et al. reported a technoeconomic and environmental
assessment regarding the Fabiola process as part of the project
UnRavel (no. 792004) considering different feedstocks (e.g.
beech, birch and wheat straw) and the use of “ethanol organo-
solv” process as a reference. This report also studied the social
impact of the organosolv processes considering aspects such
as labour rights and safety. In this work, a plant with a
capacity of 300.000 t per year of dry matter biomass was con-
sidered. The extracted products were valorised considering C5
fraction to produce xylonate, C6 fraction for acetone synthesis
and lignin for the generation of polyols, fillers or combustion
for energy reasons. The results of this work showed an
enhancement of the Fabiola process with respect to the
ethanol organosolv treatment in terms of environmental, econ-
omic and social impacts. In particular, the Fabiola process
requires lower energy and solvent demand than the ethanol
organosolv treatment. It is an improvement, but at the same
time, the authors state that further steps are necessary to
reach a satisfactory overall sustainability. The authors advise
different actions such as the improvement of the ratio solvent/
biomass, the optimisation of reactor design and the valorisa-
tion of the extracts for pharmaceutical and cosmetic
applications.'*?

From the chemical point of view, the limitation in the use
and recovery of organic solvents depends on the nature of the
solvent. Methanol is not produced from a renewable resource
and presents toxicity problems, ethanol presents limitations in
its recovery due to the formation of azeotropes with water,
acetone requires elevated operating pressures when high
acetone volume fractions are present, and other organic sol-
vents show boiling points higher than 100 °C (e.g. glycerol,
acetic acid, formic acid and 1-butanol).*3*7'3¢

Another limitation of the organosolv process is to find the
conditions to extract at the same time all four main com-
ponents, extractives, hemicelluloses, cellulose and lignin. If
extractives, cellulose and lignin are quite chemically and ther-
mally stable, they are not the same as hemicellulose, which
can be depolymerised by temperature and chemicals used
during organosolv fractionation, causing the formation of
monosaccharides and by-products that require specific tech-
niques to be isolated.?®

6. Future opportunities

As described in the previous section, the scaling up of the
organosolv process presents different limitations, notably the
purchase of the solvent and the energy consumption for the
disruption of the lignocellulosic structure and solvent recovery
(Table 4). At the same time, this process shows several advan-
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tages concerning other pre-treatments, such as environmental
impact, the highest purity of the resulting lignin and flexibility
from the point of view of the types of biomasses used as feed-
stock and the operative parameters (e.g. 120-200 °C, 1-40 bars
and type of solvent) that can be optimised (Tables 1 and 4).
Consequently, the field for the organosolv process scaling up
requires further research offering a wide range of opportu-
nities for researchers such as organic chemists, inorganic che-
mists, and chemical engineers.

An opportunity is the study of new green solvents. Several
authors are working to find alternatives to the current organo-
solv processes, for example, the use of other organic solvents
such as dimethyl carbonate mixed with ethylene glycol,"*”
ethyl lactate mixed with ethanol’*® and MeTHF-3-one mixed
with water.'*® Already the use of acetone was an improvement
with respect to ethanol,"** and the use of formic acid allows
the scaling up of the Formico process at the industrial scale,
which is expected in 2027. Moreover, the optimisation of the
organosolv process is a crucial aspect, studying how to reduce
the energy necessary for solvent recovery and lignin depoly-
merisation and isolation. For example, new catalysts can be
used to improve fractionation,'*® the process can be optimised
by studying a reactor that improves the contact fibres-solvent,
and different optimisation studies can be performed by the
design of experiments and simulation models.’**™'** The
energy optimisation can also be achieved using alternative
heating methods such as ultrasound, microwaves and electri-
cal energy.'*® Moreover, the use of the spent liquor before the
stage of solvent recovery, or the use of biphasic systems to
extract the chemicals from the organic solvent used for the
fractionation can be considered.'** The use of the organosolv
process in combination with other pre-treatments also has to
be considered, such as ionsolv** and liquid hot water pro-
cesses.'** Also, the scaling up of the organosolv process using
alternative feedstocks, such as waste paper,>! can be evaluated.

Of course, a constant study of LCA and techno-economic
analysis are crucial to define the energy consumption and, in
the suitable case, select the best location for the organosolv
plant. In particular, more studies on organosolv processes
based on organic acids are important because the main ana-
lyses are made on ethanol-based organosolv pre-treatments. In
fact, the Lignol process is the most studied.

Another area of interest is the synthesis of new high-added-
value products (chemical and biomaterials), having a high
price, to make the organosolv process profitable.'*>'*® In this
field, there will be interest in isolated lignin, polysaccharides
and extractives. For example, lignins having a high content of
carboxylic acids can be used for the preparation of polymers
such as polyesters, and lignin with a high content of hydroxyl
groups can be used for the preparation of polymers having
covalent adaptable networks to improve the recycling of ther-
moset materials such as resins.'*”'*® It is important to
underline that the preparation of such materials is possible
thanks to the purity and limited dispersity of the organosolv
lignin. Otherwise, the lignin must be purified and fractio-
nated. Moreover, the depolymerised hemicelluloses streams

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Research topics for the optimisation of the organosolv process.

can be valorised by separation using nano- and ultra-fil-
tration'*® or by modification in situ without purification stages
for the production of valuable chemicals such as
5-hydroxymethylfurfural.°

A question that has also been answered is if the organosolv
process allows the industries to produce specialties and high
added value products and not commodities, do we need plants
operating at high scales such as 400 000 t per year?

A summary of the most interesting research field regarding
the improvement and development of the organosolv process
is reported in Fig. 13.

7. Conclusions

In conclusion, the organosolv process presents several interest-
ing aspects for the development of biorefineries. The main
elements are flexibility because the process can be applied to
different biomasses, the possibility of extraction and isolation
of all the lignocellulosic components, such as highly pure
lignin, cellulose, hemicelluloses and extractives, and the
reduction of the environmental impact in comparison with tra-
ditional pulping processes. Several organosolv fractionation
methods have been studied (i.e. Alcell and Acetosolv) over the
years, and new processes are under study (i.e. Bloom and
Fraction project). Currently, five pilot plants (500-1000 tons
per year of lignin generated) are operational in Europe, North
America and Oceania. The main solvents are ethanol, formic
acid, and acetic acid in the presence or not of sulfuric acid.
The commercialisation scale has still to be reached, but
Fortum Oyj and Chempolis Oy are collaborating to achieve
that goal. The limitations of the organosolv scale-up are
mainly correlated with the energy consumption and the costs
of the solvents. However, several aspects can be improved and
optimised. The main fields are the study of new raw materials,
the development of high value products in order to make the
process more profitable, the optimisation of the entire process
from the point of view of the reactor and energy optimisation
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and the simulation and modelling studies, in particular for
techno-economic analysis and LCA. Therefore, the scaling up
of organosolv fractionation offers several research opportu-
nities for scientists from different areas, such as organic chem-
istry, inorganic chemistry, and chemical engineering.
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